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Abstract I 
Abstract 
To predict vegetation response to today’s rapid changes in the hydrological regime due to climate 
change and other anthropogenic alterations calls for a truly dynamic representation of vegetation in a 
coupled vegetation-hydrology model. However, existing models are deficient to capture the complex, 
spatiotemporal dynamics of multi-species natural ecosystems because they model few plant functional 
types or life forms defined a priori by a small set of postulated characteristics.  
This dissertation aims to surpass this deficiency and refine the prediction of plant community dynamics 
and functional trait composition in response to the hydrological regime. Therefore, I developed a 
novel, highly dynamic, spatially-explicit, individual-based model that simulates plant functional trait 
abundance solely as a function of soil water potentials and individual behavior. An important 
innovation is that the model is devoid of a priori defined functional trait trade-offs but instead is able 
to represent continuous variation of functional traits. The model is used for simulation experiments to 
investigate possible changes in the function and structure of plant communities subjected to gradients 
of soil water availability. 
I show that plant functional traits and their combinations (plant functional types) segregate in a 
predictable manner across the full range of soil water availability confirming accumulating evidence of 
hydrological niche segregation from field experiments. Interestingly, this segregation was not a 
consequence of universal functional trait trade-offs and trait correlations. Instead the correlation 
intensities, including the classical competition-colonization trade-off, were a function of the soil water 
availability. Furthermore, the entire biomass-density relationship of the plant communities, among 
this the value of the slope of the classical self-thinning line, was strongly and consistently modified by 
water stress. Specifically, the growth reduction in water stressed communities decreased the potential 
for density-dependent mortality which consequently steepened the thinning slope in communities 
with high density and levelled the thinning slope in communities with low density. Remarkably, 
temporally-varying soil water promoted diversity even in humid climates. This suggests that the 
  
Abstract II 
temporal-storage effect can act globally as a coexistence mechanism driving hydrological niche 
segregation. Functional diversity of plant communities boosted coexistence under temporally-varying 
soil water through a change in the functional traits which buffered the population growth rate against 
increasing temporal variability of soil water from seed dispersal distance to water stress tolerance and 
life form.  
Interestingly, many of the predicted patterns of the plant community dynamics and functional traits 
changed similarly at both ends of the soil water range, i.e. excessive and insufficient water availability 
selected for a comparable vegetation response. This implies that species’ specific water stress intensity 
and the corresponding spatiotemporal variation of this water stress intensity, rather than climatic 
means, might determine vegetation response and thus, species distribution and abundance.  
In general, the model design allowed for the addition of few key characteristics of natural plant 
communities such as variation within functional traits, local interactions as well as complete lifecycle 
including recruitment, and thus allowed for a better understanding of the mechanisms underlying the 
response of these communities to changes in the hydrological regime. 
  
Kurzfassung III 
Kurzfassung 
Um die Reaktion der Vegetation auf die durch Klimawandel und andere anthropogene Eingriffe 
hervorgerufenen gegenwärtigen schnellen Veränderungen des Wasserhaushaltes vorhersagen zu 
können, sollte die Vegetationsdynamik in einem gekoppelten Vegetations-Hydrologie Modell 
wirklichkeitsgetreu repräsentiert werden. Existierende dynamische Vegetationsmodelle erfassen die 
Komplexität und raumzeitliche Dynamik von natürlichen, diversen Ökosystemen allerdings nur 
unzureichend, da sie sich auf die Modellierung weniger Pflanzenfunktionstypen oder Lebensformen 
beschränken, die a priori, basierend auf einer kleinen Auswahl postulierter Merkmale, definiert 
werden. 
Diese Dissertation beabsichtigt diese Einschränkungen aufzuheben und die Vorhersage der Dynamik 
und der Zusammensetzung der Funktionsmerkmale von Pflanzengesellschaften in Reaktion auf das 
hydrologische Regime zu verbessern. Darum habe ich ein neuartiges, dynamisches, räumlich explizites, 
Individuen-basiertes Modell entwickelt, das die Abundanz von Pflanzenfunktionsmerkmalen 
ausschließlich als Reaktion aufs Bodenwasserpotentialen und dem Verhalten der Individuen simuliert. 
Eine wichtige Innovation des Modells ist, dass es frei von a priori definierten Trade-offs zwischen 
Pflanzenfunktionsmerkmalen ist, sondern eine stetige Variation der Pflanzenfunktionsmerkmale 
repräsentieren kann. Mithilfe dieses Modells wurden mehrere Simulationsstudien durchgeführt, um 
mögliche Änderung in der Zusammensetzung der Funktionsmerkmale und der Struktur von 
Pflanzengesellschaften entlang von hydrologischen Gradienten zu untersuchen. 
Es zeigte sich, dass Pflanzenfunktionsmerkmale und ihre Kombinationen (Pflanzenfunktionstypen) in 
einer vorhersehbaren Weise entlang des gesamten hydrologischen Gradienten segregiert sind. Dieses 
Resultat bestätigt zunehmende Nachweise hydrologischer Nischensegregation in Feldexperimenten. 
Interessanterweise war diese Segregation keine Konsequenz aus universellen Trade-offs zwischen den 
Pflanzenfunktionsmerkmalen. Stattdessen war die Intensität der simulierten Korrelationen, darunter 
der klassische competition-colonization Trade-off, eine Reaktion auf die Verfügbarkeit des 
  
Kurzfassung IV 
Bodenwassers. Weiterhin hat sich das gesamte Biomasse-Dichte Verhältnis der 
Pflanzengesellschaften, einschließlich des Wertes der Steigung der klassischen 
Selbstausdünnungslinie, je nach Wasserstressintensität gleichermaßen geändert. Im Einzelnen hat die 
Wachstumsreduktion in wassergestressten Gesellschaften das Potential für dichteabhängige 
Mortalität erniedrigt, was eine Erniedrigung der Steigung der Selbstausdünnungslinie in Gesellschaften 
mit hoher Dichte beziehungsweise eine Erhöhung der Steigung der Selbstausdünnungslinie in 
Gesellschaften mit niedriger Dichte zur Folge hatte. Zeitlich variierende Wasserverfügbarkeit förderte 
Koexistenz sogar in humiden Umgebungen. Das deutet darauf hin, dass der temporal-storage Effekt 
global unter verschiedenen Klimabedingungen ein Mechanismus für Koexistenz sein kann. 
Funktionelle Diversität der Pflanzengesellschaften erhöhte Koexistenz zusätzlich bei zeitlich 
variierender Wasserverfügbarkeit und zwar durch einen Wechsel der Pflanzenfunktionsmerkmale, die 
die Population gegen zunehmende zeitliche Varianz im Bodenwasser stärken. Der Wechsel erfolgte 
hinsichtlich Samenausbreitungsdistanz, Wassertoleranz und Lebensform.  
Interessanterweise änderten sich viele der beobachteten Muster in der Dynamik und bezüglich 
Pflanzenfunktionsmerkmale der Pflanzengesellschaften konsistent an beiden Enden der gesamten 
Bodenwasserskala, sprich exzessive und unzureichende Wasserverfügbarkeit riefen eine ähnliche 
Reaktion in der Vegetation hervor. Das impliziert, dass die artenspezifische Wasserstressintensität und 
die entsprechende raumzeitliche Variation dieser Stressintensität, im Gegensatz zu klimatischen 
Mittelwerten, die Reaktion der Vegetation und damit Artenverteilung und Abundanz bestimmen. 
Im Allgemeinen erlaubt das Modelldesign die Ergänzung wichtiger Schlüsselcharakteristika natürlicher 
Pflanzengesellschaften, wie die Variation der Pflanzenfunktionsmerkmale, lokale Interaktionen sowie 
vollständige Lebenszyklen inklusive Reproduktion. Dies führte zu einem weit tieferen Verständnis der 
Mechanismen, die der Reaktion natürlicher Pflanzengesellschaften auf Änderungen im 
Wasserhaushalt zugrunde liegen. 
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 Chapter 1 1 
Chapter 1 
Introduction 
Coupled modelling of vegetation and hydrology dynamics. The dynamics of vegetation and 
hydrology are strongly interrelated and coupled by a set of complex feedbacks (e.g. Mauchamp et al. 
1994; Orellana et al. 2011). Vegetation influences several hydrological processes such as interception, 
infiltration, evapotranspiration and runoff (Manfreda et al. 2010). In turn, water is a key resource for 
plants (Silvertown et al. 2015) which influences other soil conditions such as oxygen concentration and 
nutrient availability (Mustroph et al. 2016). Simultaneously, water can act as a disturbance agent 
(flooding and drought) (Grime 1977). Thus, the hydrological regime is one of the major drivers for plant 
individual performance and consequently determines the distribution and abundance of plant species 
in time and space across various scales (Silvertown et al. 2015). Anthropogenic climate change and the 
associated global changes in temperature and precipitation inevitably modify this interrelation (Field 
et al. 2014). Accordingly, there has been a steady rise in the number of climate impact studies on 
vegetation dynamics as a function of the hydrological regime and vice-versa. For example, it is 
expected that climate change induced alterations of hydrological measures will have a greater impact 
on the composition and distribution of plant communities than the change in temperature means itself 
(Reyer 2013; Silvertown et al. 2015). 
Process-based dynamic models are able to address complex interrelationships, and thus can enhance 
our understanding of the feedbacks between vegetation and hydrology dynamics in a changing 
climate. However, state-of-the-art vegetation models typically assume static hydrological conditions, 
which fail in accurately representing the effects of climate change on spatiotemporal soil water 
availability (e.g. Esther et al. 2008; Fischer et al. 2014). Vice-versa, current hydrological models usually 
consider vegetation as an entity and reduce it to a single variable, e.g. the total plant cover or the leaf 
area index, treating vegetation as a static homogenous 'green layer' (e.g. Therrien et al. 2006).  
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In recent decades, dynamic global vegetation models have emerged as a powerful tool for quantifying 
vegetation response to changes in the hydrological regime. These models account for both detailed 
hydrogeological cycles as well as vegetation demography, including reproduction, growth, recruitment 
and mortality (Snell et al. 2014). However, existing dynamic global vegetation models tried to capture 
the essential vegetation dynamics of an ecosystem by modelling few plant functional types or life 
forms only, which were defined a priori by a small set of postulated characteristics limiting their 
explanatory power (e.g. Bonan et al. 2002; Verant et al. 2004; Lapola et al. 2008).  
Plant functional types.  A major challenge of vegetation modelling is how to represent the 
complexity and spatiotemporal variability of multi-species natural ecosystems. An efficient approach 
to reduce this complexity is to group plant species based on their response to an environmental factor. 
Non-phylogenetic groups, which respond in a similar way based on a shared response mechanism to a 
syndrome of environmental factors, are called plant functional types (PFTs, Gitay & Noble 1997). Plant 
functional types are a comprehensive simplification of natural ecosystems and provide a solid base for 
predicting the dynamics of ecosystems or any of their components (Gitay & Noble 1997). Plant 
functional types can enable highly explorative modelling studies if the simulated PFTs are not only 
restricted to groups which respond similarly to the present state of the studied environmental factor 
but already include PFTs which respond similarly to a possible future state (Gitay & Noble 1997). Plant 
species can be grouped into subjective PFTs based on the observation of one or more ecosystems 
(Gitay & Noble 1997). Most existing dynamic global vegetation models classify PFTs subjectively (e.g. 
Bonan et al. 2002; Verant et al. 2004; Lapola et al. 2008). Classical examples of subjective PFTs are 
differentiations of species into trees, grasses and shrubs. However, the intuitive identification of PFTs 
based on visual observation runs the risk of grouping species which share a set of morphological 
characters but do not necessarily respond similarly to an environmental factor (Gitay & Noble 1997). 
Alternatively, PFTs can be classified inductively based on the importance of an environmental factor 
for the functioning of an ecosystem. One approach to derive inductive PFTs is through species’ 
characteristics which may define the response of species to the given environmental factor (Gitay & 
Noble 1997).  
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Functional traits can be a direct link between species response and environmental factors (Cornelissen 
et al. 2003). These traits relate environmental factors to individual fitness via their effects on growth, 
reproduction, and survival (Laughlin & Laughlin 2013). Thus, functional traits enable us to understand 
how changing environmental conditions affect vegetation composition and structure across different 
scales of ecological organization (Cornelissen et al. 2003). This makes the integration of functional 
traits into dynamic vegetation models highly desirable. 
A novel modelling approach that identifies inductive PFTs based on the combination of functional traits 
has yielded highly unexpected, yet plausible, functional compositions of plant communities adapting 
to disturbance (Seifan et al. 2012). In difference to previous models, this modelling approach relaxes 
assumptions about dichotomous trade-offs so that the emerging trait combinations, i.e. PFTs, reflect 
the best adaptation to the specific disturbance regime (Seifan et al. 2012). Seifan et al. (2012) indicated 
that an unrestricted modeling approach that does not define trade-offs among plant traits a priori is 
very useful for identifying the relationship between traits and environmental factors. In contrast to 
existing dynamic vegetation models, this trade-off unrestricted approach does not rely on plant 
functional types with fixed trait values, but is sufficiently flexible to represent continuous variation in 
functional traits.  Thus, this modelling approach can exploit the huge advances in the availability of 
trait data (e.g. Wright et al. 2004; Kattge et al. 2011).  
Individual-based modelling. Predicting the response of vegetation to today’s rapid changes in the 
environment calls for a truly dynamic representation of vegetation. Existing dynamic vegetation 
models include only simplistic representations of biotic interactions ignoring individual variation within 
plant functional types or life forms (Scheiter et al. 2013). Individual-based models include variability, 
local interactions, and complete life cycles of individuals as well as heterogeneous distributions of 
environmental factors (Grimm 1999). As opposed to existing dynamic vegetation models, individual-
based models thus provide direct insights into whether the emergent community patterns are driven 
by the studied environmental factor or by internal processes such as demography or competition 
(Kaiser 1979; Grimm 1999).  
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Hydrological niche segregation.  The influence of soil water on the composition and 
distribution of plant communities is especially evident in the increasing number of field observations 
related to the so-called hydrological niche segregation (Silvertown et al. 2015). Plant species can be 
defined by species-specific ranges of soil water conditions, i.e. their hydrological niche, such that the 
species’ presence and location in the landscape can be described using functions of soil water 
(Silvertown et al. 1999). However, the mere description of distribution patterns is not sufficient to 
predict species’ response to changes in soil water; we also need to know the mechanisms which 
underlie these patterns.  
Classical niche theories emphasize trait trade-offs as a mechanism underlying species segregation 
along environmental gradients (Chesson 2000; Tilman 2004). At present, there is little field evidence 
of the trade-offs associated with hydrological niche segregation (Silvertown et al. 2015). For example, 
species segregation along soil water gradients in English meadows was caused by a trade-off between 
species’ tolerances to aeration stress and soil-drying stress (Silvertown et al. 1999). Another trade-off 
possibly associated with hydrological niche segregation exists between water-use efficiency and 
relative growth rate (Angert et al. 2009). However, given the ubiquity of trade-offs in natural plant 
communities, it is likely that further trait correlations will have consequences for species segregation 
along hydrological gradients (Silvertown 2004; Silvertown et al. 2015). Further, it has been shown that 
the predictive power of a given trait for a species response pattern may change across different abiotic 
and biotic conditions (de Bello et al. 2005). Thus, a study investigating the trait correlations associated 
with hydrological niche segregation needs to include an analysis whether these correlations remain 
stable in different environments. 
Even less is known about the consequences of hydrological niche segregation on the community 
structure (Silvertown et al 2015) such as on density-dependent effects. A prominent ecological 
principle, which relates changes in biomass and density over time, is the self-thinning rule (Yoda et al. 
1963; Weiner & Freckleton 2010). The rule predicts that this relationship forms a straight self-thinning 
line with a slope of - 3/2 in even-aged monospecific plant populations undergoing density-dependent 
mortality when the logarithm of mean surviving plant biomass is plotted against the logarithm of plant 
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density. A previous experiment indicated that there was no significant change in the slope of the self-
thinning line under moderate water deficit in comparison to well-watered conditions (Liu et al 2006). 
However, to the best of my knowledge, there is no study which examines changes in the self-thinning 
line along a complete stress gradient, e.g. from excessive to insufficient water availability. This is 
especially regrettable since experiments on how the slope of the self-thinning line changes with serious 
deficit of other resources such as nitrogen are abundant and could provide testable predictions (Morris 
2003).  
Few studies showed that hydrological niche segregation is responsible for coexistence (e.g. Verhulst et 
al. 2008; Adler et al. 2006; for a review see Silvertown et al. 2015). However, little is known about the 
coexistence mechanisms associated with hydrological niche segregation. One mechanism which 
promotes plant species coexistence under temporally-varying environments is the temporal storage 
effect (Chesson 2000; Silvertown et al. 2015). The temporal storage effect results from the interaction 
of three main contributing elements: (1) species-specific responses to the environment, (2) covariance 
between the environment and competition, and (3) buffered population growth rate (Chesson 1994; 
Chesson 2000a; Chesson 2000b). Thereby, population growth may be buffered against temporal 
variation by various plant traits which decrease the sensitivity of specific life-history stages to temporal 
environmental variation (Chesson 2000a; Májeková et al. 2014). Few studies indicated that temporally-
varying soil water can promote coexistence via the temporal storage effect in arid environments (Adler 
et al. 2006; Cheng et al. 2006; Verhulst et al. 2008; Angert et al. 2009; Kowaljow & Fernandez 2011; 
for a review see Silvertown et al. 2015). However, also in relatively wet environments soil water is 
highly variable in both time and space (Dawson 1993; Oddershede et al. 2015), so that hydrologically 
heterogeneous habitats such as wet heathlands or temporarily flooded meadows may possibly 
promote coexistence through the temporal storage effect (Silvertown et al 2015). Still, this assumption 
remains untested to date. 
Objectives and structure. This dissertation is a comprehensive attempt to deduce the 
emergence of community dynamics as well as the abundance of plant functional traits and their 
specific combinations (PFTs) in response to the hydrological regime. By extending the trade-off 
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unrestricted modelling approach to the complex interrelation of vegetation and hydrology, I aim to 
broaden the applicability of dynamic vegetation models and tackle the short-comings of present 
dynamic vegetation models described above. I therefore designed a spatially-explicit individual-based 
model PLANTHeR (PLAnt fuNctional Traits Hydrological Regimes) which describes plant functional trait 
abundance solely as a function of soil water potentials and individual behavior. An important 
innovation is that there are no a priori defined trade-offs but instead a potentially continuous variation 
of functional traits so that the model is neither restricted to a certain set of species nor scaled to a 
specific ecosystem. A complete model description of PLANTHeR following the ODD (Overview, Design 
concepts, Details (Grimm et al. 2006, 2010)) protocol is presented in the following chapter 2. In chapter 
3 to 5, PLANTHeR is used to perform three sets of simulation experiments to increase our present 
knowledge of the mechanisms underlying hydrological niche segregation. First, I examined (1) whether 
plant functional traits and plant functional types segregate in a predictable manner along gradients of 
soil water potentials and (2) whether consistent functional trait correlations underlie a possible 
segregation (chapter 3). Second, I investigated changes in the structure of plant communities across 
the full range of soil water availability with special regards to density-dependent effects such as self-
thinning (chapter 4). Third, I tested whether temporally-varying soil water potentials can promote 
coexistence via the temporal storage effect in humid climates (chapter 5). This chapter also highlights 
the functional traits which are key to explaining the response of plant individuals to temporal variation 
of soil water potentials. Finally, I draw conclusions from this dissertation and give an outlook towards 
potential future research (chapter 6).
 Chapter 2 7 
Chapter 2 
The individual-based model PLANTHeR 
The content presented in this chapter is modified from Herberich, M. M., Gayler, S., Anand, M., 
Tielbörger, K., 2017. Hydrological niche segregation of plant functional traits in an individual-based 
model. Ecol. Model. 356, 14-24. 
PLANTHeR was designed as an individual-based model. Individual-based models are powerful tools to 
explain functional composition and distribution of vegetation along environmental gradients because 
they include variability, local interactions, and complete life cycles of individuals as well as 
heterogeneous distributions of environmental factors (Grimm 1999). Thus, as opposed to existing 
state-variable models, individual-based models provide direct insights into whether the observed 
community patterns are driven by the studied environmental factor or by internal processes such as 
demography or competition (Kaiser 1979; Grimm 1999).  
PLANTHeR was implemented in Netlogo 5.2.0 (Wilensky 1999).  
The model description follows the ODD (Overview, Design concepts, Details, (Grimm et al. 2006, 2010)) 
protocol for describing individual- and agent-based models.  
2.1. Purpose 
PLANTHeR is intended to provide a scientific basis for an integrated vegetation-hydrology 
management. Its purpose is to predict functional trait abundance and plant community patterns under 
given soil water potentials. For example, PLANTHeR can use simulation results of a physics-based 
hydrological model as an input to predict the effects of climate change scenarios on a given plant 
community. PLANTHeR uses functional traits instead of species so that it can be applied globally to 
different hydrological regimes and vegetation types. Functional traits and other parameters are chosen 
so that they have a direct biological correlation. The advantages are that 1. Parameters are easily 
measurable in the field, and 2. Stakeholders such as conservation agencies can interpret the simulation 
results readily.  
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2.2. Entities, State Variables, and Scales 
The model comprises three entities: grid cells and two types of agents, i.e. adult plants and viable 
seeds. All agents are immobile but have a state variable habitat cell. Furthermore, each agent is 
classified by its age and plant functional type (PFT) which is based on the parametrization of six 
functional traits (Sect. 2.3; Appendix A Table A1). Adult plants have the additional state variable 
biomass [mg].  
Grid cells have only one state variable: soil water potential Ψ [mm]. Each cell represents a site in which 
a single individual can establish, grow, reproduce and die, and from which neighboring plants can 
extract nutrients (Crawley & May 1987). Thus, translation of the cell size into real-life communities 
depends on the modelled system, and may represent an area between a few square centimeters to a 
few square meters (Caplat et al. 2008; Schippers et al. 2001). The ideal cell size corresponds to the 
smallest scale of plant interactions. Here, I choose a cell size of 5 x 5 cm, which corresponds to the size 
of an average adult plant typical for much of the temperate herbaceous vegetation (Schippers et al. 
2001). 
One time step equals one growing season in which the individuals could potentially run through a 
complete life cycle.  
2.3. Functional traits and PFT parameterization 
PLANTHeR models diverse communities based on a set of PFTs. These PFTs result from the 
parametrization of six functional traits (Seifan et al. 2012, 2013; Herberich et al. 2017). I selected 
general, composite functional traits that can represent several alternative functional traits depending 
on the specific ecosystem. These traits were chosen to represent individual response to different soil 
water potentials in time and space. Two traits were related to the individual’s competitive ability 
(seedling competitive ability and maximum adult growth rate). Two traits represented colonization 
abilities in time and space (seed dormancy and seed dispersal distance), and two traits affected the 
individual’s longevity (life form and water stress tolerance). 
An important innovation PLANTHeR is that it does not rely on plant functional types with fixed 
properties, but is sufficiently flexible to represent continuous variation in functional traits. Thus, 
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PLANTHeR can exploit the huge advances in the availability of trait data (e.g. Wright et al. 2004; Kattge 
et al. 2011). The parametrization of each functional trait depends on the specific study question and/ 
or ecosystem. Parametrization chosen for the simulation experiments presented in this thesis can be 
found in chapters 3 to 5. 
2.4. Process Overview and Scheduling 
The model executes the following actions once per time step (Fig. 2.1). The model assumes no 
hierarchies among individuals; thus, the order in which individuals execute these actions is randomized 
each time step. 
1) All annuals die by default (Sect. 2.17.6).  
2) Seed survival for each individual seed is determined following section 2.17.1.  
3) Individuals check the water availability in their zone of influence (ZOI), which depends on the 
number and size of their neighbors as well as the soil water potential (Sect. 2.17.7). 
4) Seed germination for each individual seed is determined by the seed’s water availability and 
dormancy strategy (Sect. 2.17.2).  
5) One seed per cell is chosen to establish out of all present germinating seeds (Sect. 2.17.3).  
6) Individuals check the water availability in their zone of influence (ZOI), which depends on the 
number and size of their neighbors as well as the soil water potential (Sect. 2.17.7). 
7) Adult plants grow (Sect. 2.17.4). 
8) Individuals check the water availability in their zone of influence (ZOI), which depends on the 
number and size of their neighbors as well as the soil water potential (Sect. 2.17.7). 
9) Adult plants produce seeds depending on the annual increment of their ZOI and water 
availability. Seeds disperse from their parental plant based on their functional trait value 
maximum dispersal distance (Sect. 2.17.5). 
10) Individuals check the water availability in their zone of influence (ZOI), which depends on the 
number and size of their neighbors as well as the soil water potential (Sect. 2.17.7). 
11) The mortality probability due to natural senescence of perennial adults is calculated. For all 
adults, mortality due to long-term water stress is determined (Sect. 2.17.6). 
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Fig. 2.1. Yearly life cycle of individual plants in the model. Dashed line – seed production; § – stages in 
which the individual outcome is affected by its interaction with neighbors; Ψ – stages in which the 
individual outcome is affected by the individual’s water availability FΨ (Sect. 2.17.7). 
 
2.5. Basic principles 
Seeds do not compete with adult plants for water since (1) viable dormant seeds generally have a low 
water content and do not absorb water actively during the growing season, and (2) only the micro-
climatic conditions in the intermediate vicinity of the seed are determining the seed fate (Mayer & 
Poljakoff-Mayber 1982). The system includes a carrying capacity as only one individual can grow per 
cell. The model was designed by pattern-oriented modelling at both the individual level (sigmoidal 
plant growth, growth dependent mortality, etc.), and the system level (changes in the size structure of 
the population or community) (Grimm et al. 2005). 
2.6. Emergence 
All results observed at the community level such as functional trait composition and density effects 
(self-thinning) emerged from local interactions, and complete life cycles of individuals as well as the 
soil water potentials.  
 Chapter 2 11 
2.7. Adaptation 
None of agents has adaptive behavior. 
2.8. Objectives 
None of agents has objectives. 
2.9. Learning 
No learning is represented. 
2.10. Prediction 
No prediction is represented. 
2.11. Sensing 
Individuals are assumed to sense the soil water potentials in their Zone of Influence. When competing 
for water, individuals are assumed to sense other individuals and their biomass which overlap with 
their own ZOI.  
2.12. Interactions  
Individuals interact directly by means of 1. competition for vacant positions (Sect. 2.17.3) and 2. 
competition for available water (Sect. 2.17.6).  
2.13. Stochasticity 
Stochasticity is included in several processes:  
1. Initialization of the plant community (Sect. 2.16): 1. Each grid cell has a 50% chance of being 
occupied by an adult plant. 2. The individual functional trait combination is determined 
randomly. 
2. Viability of each seed is drawn from a normal distribution (Sect. 2.17.1). 
3. Germination is simulated as a stochastic event with a probability that is a function of the 
functional trait seed dormancy and the reduction function f(Ψ) (Sect. 2.17.2). 
4. Seedling establishment is modelled as a weighted lottery in which the probability that a seed 
establishes is determined by its competitive ability and life form with 2:1 chances for annual 
individuals (Sect. 2.17.3). 
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5. The seed dispersal distance is determined from a log-normal dispersal kernel and dispersal 
direction was chosen from a uniform distribution (Sect. 2.17.5). 
6.  Perennial mortality due to senescence is simulated as a stochastic event with a probability 
that is a function of the annual ZOI increment. (Sect. 2.17.6) 
2.14. Collectives 
Collectives are not represented. 
2.15. Observation 
A summary output file reports population status at the end of each time step. The summary includes 
the total population size, the total number of seeds, mean adult age, mean seed age, the number and 
summed ZOI of individuals per PFT, the number of seeds per PFT, PFT richness, Shannon diversity index, 
the relative density of traits among all coexisting individuals i.e. seeds, and total number of dead 
individuals due to water stress and senescence. 
Spatial information is also provided by the model’s animation display, which shows the location of 
adults, and seeds. The size of an adult individual represents the size of its ZOI. 
For model testing an additional file with output per individual recorded at the end of each time step 
the individual’s identity, spatial location, age, PFT, functional trait values, biomass [mg], and total 
water availability FΨ. 
2.16. Initialization 
The model is initialized with a random spatial distribution of the plant functional types whereby each 
grid cell has a 50% chance of being occupied by an adult plant. The specific individual identity is 
determined randomly so that each of the modelled PFTs (Sect. 2.3) has an equal probability of 
occupying the cell (Seifan et al. 2012, 2013). Initial biomass is set to 125 mg. 
PLANTHeR is able to simulate spatiotemporal heterogeneous soil water potentials Ψ via input files or 
based on hypothetical soil water scenarios with various stress gradients and return intervals. The 
specific soil water scenarios chosen for the simulation experiments to test the proposed research 
questions stated in chapter 1 can be found in chapter 3 to 5 respectively. 
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2.17. Submodels 
2.17.1. Seed Survival in the Seed Bank 
Many plant species regularly found in seed banks have a long-term persistent seed bank with seeds 
which persist in the soil for at least five years (Bakker et al. 1996). Under constant environmental 
conditions, seed viability of a species has the shape of a normal distribution around a mean value 
(Roberts 1972). Here, mean seed viability was set as 10 years with 5 years standard deviation for all 
seeds regardless of their PFT, which results in a long-term persistent seed bank. 
2.17.2. Germination 
In each year, germination probability is individually calculated for each seed based on its functional 
trait value for seed dormancy multiplied by its reduction function f(Ψ) (Levitt 1980). 
All seeds remain in the seed bank until they either die (Sect. 2.17.1) or germinate. 
2.17.3. Seedling Establishment 
After initial germination of all potential seeds, only a single individual in each cell is allowed to 
establish. Seedling establishment is modelled as a weighted lottery in which the probability for a seed 
to establish is determined by its competitive ability and life form, with 2:1 chances for annual 
individuals to establish, following the general assumption that annuals are better colonizers (Schippers 
et al. 2001; DiVittorio et al. 2007; Watts 2010). 
2.17.4. Adult Growth 
Adult growth is modeled as the annual increase of the radius of an individual’s zone of influence (ZOI). 
ZOI is a circular area from which individuals could potentially acquire water (Sect. 2.16.7) and is 
allometrically related to the plant’s aboveground biomass ZOI [cm] ~ 𝐵2/3 [mg] (Weiner et al. 2001; 
West et al. 1999). I used a modification of the logistic growth function to model the annual increase in 
ZOI radius, r: 
r(t+1) =   rt + G × FΨ × (1 −
𝑟𝑡
𝑟𝑚𝑎𝑥
)      (1) 
where FΨ is the total water availability of an individual (Sect. 2.16.7), t is the individual’s age, and G is 
the PFT’s specific maximum growth rate.  
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The choice of maximum ZOI radius, rmax, depends on the studied ecosystem. In this thesis, I fixed it at 
5 m, which is the radius that is approximately influenced by a large tree canopy (Caplat & Anand 2009).  
Note that this growth function can potentially produce aboveground biomass values representative 
for both grasslands and forest systems. For example, maximum aboveground biomass values reach 
approximately 8.8 kg/m² in a scenario in which the grid is occupied by individuals at maximum ZOI 
radius. This is similar to values found for pinyon–juniper woodlands in Arizona by Huffman et al. (2012) 
(6.5 kg/m²) and by Grier et al. (1992) (5.3 kg/m²). At maximum density, the minimum biomass equals 
50 g/m² and maximum biomass equals 278.4 g/m² which is in the range of mean aboveground biomass 
of grasslands (Tilman et al. 2006). 
2.17.5. Seed Production and Dispersal 
Minimum and maximum seed numbers are equal for all PFTs [1; 20] (Bauer et al. 2002; Snyder 2011). 
The actual number of produced seeds, S, is calculated using the Gompertz function: 
S =  20 × e(ln
1
20
)e−𝐼
 × FΨ       (2) 
where I is the annual ZOI increment. 
Seeds inherit the PFT from their parent plant but differ in the exact values of their functional traits, 
which are drawn separately for each individual. 
For each produced seed, the dispersal distance is determined from a log-normal dispersal kernel with 
the PFT’s specific value for seed dispersal distance as a mean (Stoyan & Wagner 2001). I assume no 
directed dispersal, so that the direction in which the seed was dispersed was chosen from a uniform 
distribution [0, 2𝜋]. The cell to which the seed arrives is the individual’s habitat cell. 
The number of seeds in the system strongly influences the rate of seedling establishment in empty 
patches. After an initial phase of 20 years, the base model had at most 7% empty cells which is similar 
to Splechtna & Gratzer (2005) who found 3% to 13% open gaps on average in a virgin forest in Austria. 
2.17.6. Adult Mortality 
Mortality probability due to long-term water stress was calculated for both annuals and perennials 
based on mean total water availability for an individual FΨ (Sect. 2.16.7) over the growing season.  
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Most higher plants are killed by a loss of 60% to 90% of their water content (Levitt 1980), therefore 
individuals were assigned dead when their mean FΨ fell below 0.1. 
Perennial survival probability, m, is a function of natural senescence, which is calculated based on the 
general assumption that mortality decreases with increasing annual size increment. Individuals with a 
low size increment are either large in size and have an intrinsic disadvantage due to the sigmoidal 
growth of plants, or grow under poor conditions and do not have enough resources to sustain a large 
increment (Schwinning & Weiner 1998; Caplat et al. 2008): 
m =  M0 × e−𝑀𝑑 × 𝐼        (3) 
where M0 = 0.8 is the probability of mortality at zero growth, and Md = 0.08 is the decay of growth-
dependent mortality. 
M0 and Md were chosen so that the distribution of individual ages within the base model resembles 
the negative exponential distribution of forests that predominately regenerate through small gaps (Fig. 
2.2; Van Wagner 1978; Splechtna & Gratzer 2005). At the end of each time step all annuals die by 
default. 
 
Fig. 2.2. Mean age frequency ± SD across ten replicates for 10-year age classes of a community under 
optimal soil water availability (Ψ = -1900 mm) after 2000 years. 
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2.17.7. Competition for water 
Non-optimal water conditions limit water extraction by roots. This is simulated by the means of a 
reduction function f(Ψ), a dimensionless prescribed function of the soil water potential Ψ based on 
four critical values Ψ1 - ΨPWP (Feddes et al. 1978). Water uptake below |Ψ1| (oxygen deficiency, Yang 
& Jong (1971)) and above |ΨPWP| (permanent wilting point) is set equal to zero (equation 4). Between 
|Ψ2| and |Ψ3| water conditions are optimal. Between |Ψ1| and |Ψ2| and between |Ψ3| and |ΨPWP| 
a linear relationship is assumed:  
 
0  if Ψ < ΨPWP 
Ψ − ΨPWP
Ψ3 − ΨPWP
 if ΨPWP ≤ Ψ < Ψ3 
f(Ψ) =  1  if Ψ3 ≤ Ψ < Ψ2      (4) 
Ψ1− Ψ
Ψ1 − Ψ2
  if Ψ2 ≤ Ψ < Ψ1 
0  if Ψ1 ≤ Ψ 
 
Values of Ψ1 - ΨPWP are available from a number of previous studies (e.g., Wesseling 1991; Bittner et 
al. 2010). The choice of critical potentials Ψi depends on the parametrization of the functional trait 
water stress tolerance. The critical potentials chosen for the simulation experiments presented in 
chapter 3 to 5 are given in the respective chapters. 
Individuals can acquire water within and beyond their habitat cell according to the distance-dependent 
zone-of-influence approach (Czárán 1998). The ZOI approach implicitly includes the effect of plants on 
resource availability for other plants. Namely, according to Lehsten & Kleyer (2007), the ZOI of one 
plant represents an area of depleted resources for other individuals. 
The number of individuals that can overlap with their ZOI is theoretically unlimited. Individuals 
compete with adjacent individuals for water solely in areas of ZOI overlap. The size symmetry of 
competition in overlapping areas has been subject to many debates (Weiner et al. 2001). Due to its 
non-pre-emptable characteristics, competition for water is presumably size-symmetric (Schwinning & 
Weiner 1998; Schulte et al. 2013). Therefore, resources in areas of ZOI overlap are divided size-
symmetric (equation 5) (Weiner et al. 2001). 
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E(Ψ)i,(x,y) =  
f𝑖(Ψ)(𝑥,𝑦)
𝑁(𝑥,𝑦)
         (5) 
where E(Ψ)i,(x,y) represents the effective amount of water available to individual i of cell (x,y), fi(Ψ) is 
the reduction function of individual i in cell (x,y), and 𝑁(𝑥,𝑦) is the total number of individuals with cell 
(𝑥, 𝑦) in their ZOI.  
The total water availability of an individual i, FΨ, is calculated as the average value of E(Ψ)i over the 
number of cells within the individual’s ZOI C: 
 FΨ = ∑
𝐸(Ψ)𝑖,(𝑥,𝑦)
𝐶(x,y)∈ ZOI,i         (6) 
By summing E(Ψ)i instead of soil water potentials, non-viable scenarios where Ψ1 ≤ Ψ or Ψ < ΨPWP are 
excluded. I assume that when FΨ = 0 water availability can immediately increase above 0 as soon as 
ΨPWP < Ψ < Ψ1 regardless of the duration of periods in which FΨ equals zero. In other words, I assume 
that vegetation shows an elastic response to short-term water stress (Levitt 1980; Borgogno et al. 
2010).
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Chapter 3 
Hydrological Niche Segregation of Plant Functional Traits in 
an Individual-based Model 
The content presented in this chapter is modified from Herberich, M. M., Gayler, S., Anand, M., 
Tielbörger, K., 2017. Hydrological niche segregation of plant functional traits in an individual-based 
model. Ecol. Model. 356, 14-24. 
Water is one of the major drivers determining distribution and abundance of plant species. Namely, 
plant species’ presence and location in the landscape can be explained using metrics of soil water 
because plant species are restricted to a species-specific range of soil water conditions, i.e. their 
hydrological niche. However, little is known about the specific traits that determine the hydrological 
niche of a plant species. To investigate the relationship between plant functional traits, community 
structure and hydrological niche segregation, I developed a new generic individual-based model 
PLANTHeR which describes plant functional trait abundance as a function solely of soil water potentials 
and individual behavior. An important innovation is that there are no a priori defined trade-offs so that 
the model is neither restricted to a certain set of species nor scaled to a specific ecosystem. 
I show that PLANTHeR is able to reproduce well-known ecological rules such as the self-thinning law. I 
found that plant functional traits and their combinations (plant functional types - PFTs) were restricted 
to specific ranges of soil water potentials. Furthermore, the existence of functional trait trade-offs and 
correlations was determined by environmental conditions. Most interestingly, the correlation intensity 
between traits representing competitive ability and traits promoting colonization ability changed with 
water stress intensities in a unimodal fashion.  
My results suggest that soil water largely governs the functional composition, diversity and structure 
of plant communities. This has consequences for predicting plant species’ response to changes in the 
hydrological cycle due to global change. I suggest that PLANTHeR is a flexible tool that can be easily 
adapted for further ecological-modelling studies. 
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3.1. Introduction 
Water is one of the major forces governing vegetation patterns in time and space across a wide range 
of scales (Manfreda et al. 2010). In contrast to other abiotic factors such as nutrients, water is 
particularly interesting due to its dual effect on plant performances such as growth, survival or 
fecundity. On the one hand, water is a key resource, and a shortage in supply limits plant performance 
(Silvertown et al. 2015). On the other hand, water acts as a disturbance agent (flooding and drought) 
and can drastically damage individual plants. Furthermore, water also mediates other soil conditions, 
e.g., oxygen concentration and nutrient availability (Yang & Jong 1971; Mustroph et al. 2016). Thus, 
both excessive and insufficient water availability impedes individual plant performances and may 
consequently determine the distribution and abundance of plant species (Feddes et al. 1978; 
Moeslund et al. 2013).  
The influence of water availability on the composition and distribution of local vegetation is especially 
evident in the increasing number of field observations related to so-called hydrological niche 
segregation (Silvertown et al. 2015). Plant species can be defined by species-specific ranges of soil 
water conditions, i.e. their hydrological niche, such that the species’ presence and location in the 
landscape can be described using functions of soil water (Silvertown et al. 1999). However, the mere 
description of distribution patterns is not sufficient to predict species’ response to changes in soil 
water; we also need to know the specific plant characteristics which underlie these patterns. 
Functional traits can be a direct link between species response and environmental factors (Cornelissen 
et al. 2003). These relate environmental factors to individual fitness via their effects on growth, 
reproduction, and survival (Laughlin & Laughlin 2013). Thus, functional traits enable us to understand 
how changing environmental conditions affect vegetation composition and structure across different 
scales of ecological organization (Cornelissen et al. 2003). Non-phylogenetic groups that share a set of 
key functional traits, i.e. respond in a similar way based on a shared response mechanism to a 
syndrome of environmental factors, are called plant functional types (PFTs, Gitay & Noble 1997; 
Cornelissen et al. 2003). 
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For a large number of species, the functional traits which accurately indicate how species respond to 
changing environmental conditions are difficult to quantify (Cornelissen et al. 2003). Instead ‘soft 
functional traits’ are frequently used which are only indirect measures of the actual plant function but 
which are relatively quick and easy to quantify (Hodgson et al. 1999). Several soft functional traits have 
been associated with species response to water as a resource (e.g., spinescence, leaf size, leaf 
phenology, bark thickness, seed mass) or as a disturbance agent (e.g., resprouting ability, plant height) 
(Cornelissen et al. 2003; Violle et al. 2011; Kukowski et al. 2013). However, little is known about the 
specific traits that may explain the hydrological niche of a plant species (Silvertown et al. 2015). One 
reason may be the above-mentioned function of water simultaneously as a resource, a disturbance 
agent and a measure of other soil conditions, each of which selects for partly conflicting adaptations. 
To make it even more complicated, water is highly dynamic in time and space on a fine scale, so that 
hydrologically heterogeneous habitats such as wet heathlands or temporarily flooded meadows may 
even exhibit opposing types of water stress, i.e. seasonal alternation between waterlogging and 
drought in the same location in the course of a growing season (Oddershede et al. 2015).  
Classical niche theories emphasize trait trade-offs as a mechanism underlying species segregation 
along environmental gradients (Chesson 2000; Tilman 2004). For example, species segregation along 
soil water gradients in English meadows was caused by a trade-off between species’ tolerances to 
aeration stress and soil-drying stress (Silvertown et al. 1999). Another trade-off possibly associated 
with hydrological niche segregation exists between water-use efficiency and relative growth rate, i.e. 
fast-growing species are rarely drought resistant and vice-versa (Angert et al. 2009).  
However, trade-off-based niche theories fail to provide a general explanation for species’ relative 
abundance and vegetation structure because they assume a priori that species that are better at 
dealing with one environmental constraint are necessarily worse at dealing with another (Tilman 
2004). Also, while trade-offs cause species to segregate along environmental gradients, the 
environmental factor itself could affect postulated classical trade-offs such as the competition–
colonization trade-off (Tilman 1994). Besides, a dichotomous trait-space with a singular pre-defined 
trade-off is insufficient to approximate the complexity and spatiotemporal variability of multi-species 
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natural ecosystems, especially when it comes to hydrological niches (Kukowski et al. 2013; Silvertown 
et al. 2015). Therefore, a multi-trait modelling approach should be favored over a dichotomous one 
when trying to theorize the role of water availability in structuring natural plant communities. 
A novel modelling approach that has relaxed classical assumptions about dichotomous trade-offs has 
yielded highly unexpected, yet plausible, trait combinations for plants adapting to disturbance (Seifan 
et al. 2012). These authors showed that disturbance promoted trade-offs between different 
colonization modes and between dormancy and disturbance-tolerance, while surprisingly, the classical 
competition-colonization trade-off was not generated. Instead, competition strength varied in a 
consistent manner with changes in disturbance intensity, while dispersal distance varied in a consistent 
manner with changes in disturbance predictability. These results indicate that an unrestricted 
modelling approach that does not define a priori trade-offs among plant traits is very useful for 
identifying the relationship between traits and environmental gradients. Also, a trade-off unrestricted 
approach is sufficiently flexible to include different types of ecosystems and plant strategies ranging 
from short-lived herbaceous plants to long-lived trees. This represents important progress compared 
to classical geo-biosphere models. These models tried to capture the essential dynamics of an 
ecosystem by modelling few plant functional types or life forms defined a priori by a small set of 
postulated characteristics with limited explanatory power (Bonan et al. 2002; Verant et al. 2004; Lapola 
et al. 2008).  
The trade-off unrestricted approach is still underexplored and has never been applied to the complex 
issue of soil water. I therefore developed a novel generic model named PLANTHeR (PLAnt fuNctional 
Traits Hydrological Regimes) for explaining the relationship between functional traits, trade-offs and 
soil water potentials. PLANTHeR does not assume any a priori trade-offs and describes plant functional 
trait abundance as a function solely of the soil water potentials and individual behavior. I selected 
general, composite functional traits that can represent several alternative soft functional traits 
depending on the specific ecosystem. Therefore, PLANTHeR is neither restricted to a certain set of 
species nor scaled to a specific ecosystem, but instead is globally applicable to both forests and 
grasslands and can be applied readily to different kinds of data sets.  
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The overall goal of this study was to use PLANTHeR to quantify the importance of water availability for 
plant community structure and diversity. Specifically, I tested: (1) whether functional traits and plant 
functional types segregate in a predictable manner along gradients of soil water potentials and (2) 
whether consistent trait correlations emerge independent of the soil-water potential. 
3.2. Materials and methods 
To answer the above research question I performed a set of simulation experiment with the 
individual-based model PLANTHeR. A complete model description following the ODD (Overview, 
Design concepts, Details, (Grimm et al. 2006, 2010)) protocol can be found in chapter 2. Here, I only 
specify the ´Functional traits and PFT parameterization`, ´Soil water potentials` and ‘Spatial and 
temporal scales’ used in this chapter. 
3.2.1. Functional traits and PFT parameterization 
Many trade-off based niche models focus on a two- or three-fold trade-off between competitive 
ability, colonization ability and longevity, i.e. local extinction probability, to explain species coexistence 
(Tilman 1994). To study functional traits and their correlation, which may explain the hydrological 
niche of a plant species, I chose six rather general, composite functional traits that can represent 
several substitutional traits depending on the specific ecosystem. Full factorial combinations 
representing all potential combinations of these six traits resulted in 64 modelled PFTs (Appendix A 
Table A1) (Seifan et al. 2012, 2013). 
Two traits were related to the individual’s competitive ability (seedling competitive ability and 
maximum adult growth rate). Two traits represented colonization abilities in time and space (seed 
dormancy and seed dispersal distance), and two traits affected the individual’s longevity (life form and 
water stress tolerance). Each functional trait is represented by two opposing strategies: 
perennial(P)/annual(a) life form, high(T)/low(t) water stress tolerance, long(D)/short(d) seed dispersal 
distance, long-(S)/short-term(s) seed dormancy, strong(C)/weak(c) seedling competitive ability, and 
high(G)/low(g) maximum adult growth rate (Seifan et al. 2012, 2013). Except for the functional trait 
life form and water stress tolerance (Sect. 2.1.4.7), the functional trait strategy indicated by the capital 
letter stands for 80% of the maximum trait value whereas the strategy indicated by the lowercase 
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letter stands for 20%. Seed dormancy, seedling competitive ability, and maximum adult growth rate 
are probabilistic traits a maximum of 100%. Maximum seed dispersal distance is 40 m. The exact 
functional trait values are drawn separately for each individual from a normal distribution with the PFT 
strategy as mean and 10% of the maximum trait value as standard deviation. 
Differences between PFT strategies for high(T)/low(t) water stress tolerance are simulated by means 
of a reduction function f(Ψ), a dimensionless prescribed function of the soil water potential Ψ [mm] 
based on four critical values Ψ1 - ΨPWP (Feddes et al. 1978). The critical potentials Ψi [mm] were chosen 
in a manner to ensure that the two opposing PFT strategies high and low water stress tolerance would 
be maximally different (Table 3.1). Thereby, high water stress tolerance indicates high tolerance to dry 
conditions but low tolerance to wet conditions and vice-versa for low water stress tolerance. This 
trade-off between soil drying and waterlogging tolerance has been reported for various environments 
and phylogenetic groups (Silvertown et al. 1999). 
Table 3.1 
Critical potentials Ψi [mm] of water uptake governing the reduction function f(Ψ) for plant functional 
types with high water stress tolerance (T) and low water stress tolerance (t). 
Ψi Water stress tolerance high (T) Water stress tolerance low (t) 
Ψ1 -150 -1 
Ψ2 -300 -10 
Ψ3 -10000 -2000 
ΨPWP -240000 -80000 
 
3.2.2. Soil water potentials 
In this study, only cases with negligible seasonal and inter-annual soil water potential variability are 
considered. The growing season is thus assumed to be statistically homogenous and modelled in 17 
soil water potential Ψ [mm] scenarios (Table 3.2). Soil water potentials were chosen based on the 
shape of reduction functions f(Ψ) to represent gradients of water stress intensities for high water 
stress tolerant (T) and low water stress tolerant (t) PFTs (Sect. 3.2.1). At soil water potentials between 
-300 and -2000 mm, the values of both reduction functions, fT(Ψ) for high water stress tolerance (T) 
and ft(Ψ) for low water stress tolerance (t), are equal to one, i.e. no PFT experiences any stress. 
Therefore, Ψ = -1900 mm was chosen to represent a ‘base model’.  
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Table 3.2 
17 simulated soil water potentials Ψ [mm] representing different stress intensities f(Ψ) for high water 
stress tolerant (T) and low water stress tolerant (t) PFTs. 
Stress Excessive water 
availability 
Excessive water 
availability 
Insufficient water 
availability 
Insufficient water 
availability 
Baseline Water stress 
tolerance low (t) 
Water stress 
tolerance high (T) 
Water stress 
tolerance low (t) 
Water stress 
tolerance high (T) 
f(Ψ) Ψ Ψ Ψ Ψ 
1 -1900 -1900 -1900 -1900 
0.7 -7.3 -255 -25400 -79000 
0.5 -5.5 -225 -41000 -125000 
0.3 -3.7 -195 -56000 -171000 
0 0 -150 -80001 -300000 
 
3.2.3. Spatial and temporal scales 
The goal of this study was to explain the relationship between functional traits, trade-offs and soil water 
potentials. To ensure that the resulting functional traits, PFTs and trait correlations were not just a 
representation of a single moment in time, I compared PFT richness and Shannon diversity index every 100 
years along the simulation runs (Seifan et al. 2012) (Fig. 3.1). PFT richness and Shannon diversity index were 
generally consistent in their trend in time, however, these two measures did not stabilize at the exact point 
in time for all soil water potentials. PFT richness stabilized latest after 1500 years, i.e. no significant 
differences (p > 0.05) in PFT richness for all soil water potentials after 1500 years. On the other hand, the 
values of the Shannon diversity index stabilized latest after 1100 years for all soil water potentials. I 
therefore chose 2000 years as the simulation time. Each of the 17 soil water potential scenarios was 
repeated ten times. The model landscape consisted of a grid of 800 × 800 cells with periodic boundaries 
to avoid boundary effects. 
 
Fig. 3.1. Change in mean ± SD PFT richness (a) and Shannon diversity index (b) of ten repetitions over 
time for 17 soil water potentials.  
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3.2.4. Model plausibility 
To check the plausibility of the model behavior, I tested whether PLANTHeR is able to reproduce some 
well-established ecological patterns. Competition is a key trait to predict patterns of species 
segregation along environmental gradients both in classical trade-off based niche models as well as in 
the trade-off unrestricted approach (Tilman 1994; Seifan et al. 2012). I therefore focused on testing 
the ability of PLANTHeR to reproduce the self-thinning rule, which describes the effects of competition 
on plant populations by relating changes in mean plant biomass to density over time (Westoby 1984). 
The rule predicts that even-aged monospecific plant populations undergoing density-dependent 
mortality form a straight self-thinning line with a slope of - 3/2 when the logarithm of mean surviving 
plant biomass is plotted against the logarithm of plant density (Yoda et al. 1963; Westoby 1984).  
3.2.5. Statistical analysis 
Pearson correlation tests were used to study which trade-offs and correlations between traits emerge 
depending on soil water potential. The value of the correlation coefficient and its significance were 
interpreted as the relative strength of the trade-off/co-occurrence in a particular scenario (Seifan et 
al. 2012, 2013).  
To test the model plausibility, I analyzed the thinning slope for the ten replicates of the base model. I 
therefore selected a posteriori the data points during which the population was undergoing density-
dependent mortality, indicated by a characteristic decay of positive skewness of the biomass 
distribution (Berger et al. 2002). Regression lines were fitted to the log10-transformed mean plant 
biomass w and plant density N using a reduced major axis analysis (RMA) (sensu Warton et al. 2006). I 
tested with a two-sided one-sample t-test whether the slopes were equal to -3/2.  
All statistical analyses were performed in R 3.1.2.  
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3.3. Results 
3.3.1. Functional trait and plant functional type segregation 
 
Fig. 3.2. PFTs successful under seventeen different soil water potentials after 2000 years. The axes 
depict the dimensionless reduction function f(Ψ) for high (T)/low(t) water stress tolerant PFTs. The 
pie diameter is proportional to the community yield weighted by the yield of the base model (upper 
right pie). perennial(P)/annual(a) life form, high(T)/low(t) water stress tolerance, long(D)/short(d) seed 
dispersal distance, long-(S)/short-term(s) seed dormancy, strong(C)/weak(c) seedling competitive 
ability, and high(G)/low(g) maximum adult growth rate. 
 
Functional trait strategies and PFTs segregated in a predictable manner along gradients of soil water 
potential (Fig. 3.2, Fig. 3.3). PFTs that were successful after 2000 years differed only in their water 
stress tolerance, seed dispersal distance and seedling competitive ability (Fig. 3.2). Irrespective of soil 
water potential, perennials with a short-term seed dormancy, strong competitive ability, and high 
maximum growth rate dominated the model landscape (Fig. 3.3). When the soil water potential Ψ was 
within the range where both reduction functions, fT(Ψ) for high water stress tolerance (T) and ft(Ψ) for 
low water stress tolerance (t), were equal, individuals with high (T) and low (t) water stress tolerance 
coexisted. In all other cases, the strategy with the higher value of the reduction function dominated. 
In both scenarios with the lowest value of the reduction functions, either caused by excessive (soil 
water potential Ψ = -3.7 mm) or by insufficient water availability (Ψ = -171000 mm), individuals with 
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long (D) and short (d) maximum seed dispersal distance coexisted. In all other scenarios, individuals 
with short (d) maximum seed dispersal distance dominated. 
 
Fig. 3.3. Change in mean ± SD relative densities of the capital letter PFT strategy (fraction of PFT 
strategy among all coexisting individuals) over time under seventeen soil water potentials [mm]. (a) 
Fraction of perennials. (b) Fraction of high water stress tolerance: high tolerance to dry conditions but 
low tolerance to wet conditions. (c) Fraction of long maximum dispersal distance. (d) Fraction of long-
term seed dormancy: 20% ± 10 germination per year. (e) Fraction of strong competitive ability: 
seedlings’ ability to establish in a cell when competing with others. (f) Fraction of high maximum adult 
growth rate.  
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3.3.2. Trade-offs and positive correlations 
All six studied functional traits were correlated with each other. However, strength and significance 
varied depending on the soil water potential Ψ (Fig. 3.4). When Ψ was within the range where either 
fT(Ψ) = 0 or ft(Ψ) = 0 (i.e. no variance in the functional trait water stress tolerance), the correlation 
coefficients including water stress tolerance could not be computed. Among others, I tested how 
differences in soil water potential affected trait correlations between traits representing competitive 
ability (seedling competitive ability and maximum adult growth rate) and traits representing 
colonization abilities in time and space (seed dormancy and seed dispersal distance) (Fig. 3.4a). I found 
significant negative correlations for all trait combinations representing a competition colonization 
trade-off. However, these correlations were not constant but changed in a unimodal fashion with 
water stress intensities (Fig. 3.4a). The correlation between traits representing competitive ability and 
seed dispersal distance became less negative with increasing water stress intensity. On the contrary, 
the correlation between traits representing competitive ability and seed dormancy more negative with 
increasing water stress intensity. Furthermore, I detected a significant positive correlation between 
seed dormancy and seed dispersal distance, which weakened consistently with increasing water stress 
intensity. Moreover, I found a significant positive correlation between seedling competitive ability and 
adult growth rate, which strengthened consistently with increasing water stress intensity. Regarding a 
possible competition-longevity trade-off (Fig. 3.4b), all traits related to competitive ability were 
significantly positively correlated with life form. Again, these trait correlations were not constant but 
changed consistently along water stress intensities in a unimodal fashion. The correlation coefficients 
between water stress tolerance and adult growth rate, seedling competitive ability, and life form, 
respectively, showed an ‘S-shaped’ pattern with significant negative correlation coefficients for 
excessive water availability scenarios, significant positive correlation coefficients for insufficient water 
availability scenarios and correlation coefficients close to zero for the base model.  
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Fig. 3.4. Pearson correlation coefficients of trait pairs successful under seventeen levels of soil water 
potential. (1) Ψ = 0, (2) Ψ = -3.7 mm, (3) Ψ = -5.5, (4) Ψ = -7.3, (5) Ψ = -150, (6) Ψ = -195, (7) Ψ = -225, 
(8) Ψ = -255, (9) Ψ = -1900, (10) Ψ = -25400, (11) Ψ = -41000, (12) Ψ = -56000, (13) Ψ = -79000, (14) Ψ 
= -80001, (15) Ψ = -125000, (16) Ψ = -171000, (17) Ψ = -300000. Note that the fit lines are intended as 
a visual support for the reader and do not indicate mathematical relationships between the correlation 
coefficients and soil water potentials. (a) Trait pairs associated with a competition-colonization trade-
off. (b) Trait pairs associated with a competition-longevity trade-off. (c) Trait pairs associated with a 
longevity–colonization trade-off. □ P > 0.05, Δ P < 0.05, * P < 0.01, ○ P < 0.001. 
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The last group of trait correlations might be classified as a longevity–colonization trade-off (Fig. 3.4c). 
The correlation between water stress tolerance and seed dispersal distance or seed dormancy was 
significantly negative for scenarios with insufficient water availability, significantly positive for 
scenarios with excessive water availability and close to zero under the base model. Life form and seed 
dispersal distance were significantly negatively correlated under all soil water potentials except Ψ = -
3.7 mm and Ψ = -171000 mm. I also found a significant negative correlation between life form and 
seed dormancy which increased with increasing water stress intensity for both excessive and 
insufficient soil water availability except Ψ = -5.5 mm and Ψ = -125000 mm. 
3.3.3. Self-thinning 
The simulated thinning slopes were similar to the slope predicted by the self-thinning rule and only 
marginally but significantly shallower (one-sample t(9) = 19.21, p < 0.001) with a mean of -1.446 and 
95% CI [-1.452 to -1.440]. 
3.4. Discussion 
The overall results show that soil water potential was a main driver of functional trait composition and 
diversity. Conversely, plant functional traits and their specific combination (PFT) were key to explaining 
the response of plant individuals to different soil water potentials. Two main results strengthen this 
conclusion. First, plant functional traits and PFTs were restricted to a specific range of soil water 
potentials. Second, the strength and significance of functional trait correlations changed with water 
stress intensity. In the following, I discuss these main results with respect to the initial questions and 
the ability of PLANTHeR to reproduce the self-thinning rule.  
3.4.1. Functional trait and plant functional type segregation 
I found segregation along water stress gradients on two organizational levels. On the one hand, the 
two functional trait strategies for water stress tolerance high(T)/low(t) clearly segregated along soil 
water potential gradients, with coexistence only possible if soil water potentials were optimal for both 
(base model). On the other hand, plant functional types resulting from the combination of the six 
studied functional traits were restricted to specific water stress intensities. These findings strongly 
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support hydrological niche segregation as an important determinant of the abundance and distribution 
of plant species (Adler et al. 2006; Verhulst et al. 2008; Silvertown et al. 2015).  
A crucial step to predict species response to changes in soil water is to detect the specific functional 
traits which underlie the hydrological niche segregation (Laughlin & Laughlin 2013). However, until 
now only a few descriptive field studies have examined functional traits linked to hydrological niche 
segregation (Oddershede et al. 2015; Silvertown et al. 2015). These studies resulted in site-specific 
functional trait composition and were often biased by confounding habitat factors such as 
management or local species pool (Oddershede et al. 2015). In contrast to such field studies, 
PLANTHeR predicts a generic functional trait composition of plant communities solely as a function of 
the soil water potential and individual behavior, i.e. without any confounding factors. 
Many functional trait patterns emerging from PLANTHeR supported previous studies. First, I interpret 
the segregation and selection of functional traits and PFTs to be a result of competitive exclusion 
(Gause 1934). The theory of competitive exclusion predicts that the best competitor for a single 
limiting resource should displace all other species from a habitat independent from their initial 
densities (Tilman 1982). This is in line with my result that even though all 64 PFTs had similar initial 
density, a maximum of only two PFTs were able to coexist in the long run. Second, PLANTHeR predicted 
that perennials with high competitive ability, low dormancy and high adult growth rates had the 
highest success in all scenarios (Wilson & Tilman 1991; Schippers et al. 2001). Similar to my results, 
Schippers et al. (2001) found that non-dormant perennials dominated in spatially and temporally 
homogenous habitats. Likewise, Bauer et al. (2002) showed that annuals are generally excluded in 
homogenous habitats due to the monopolization of establishment sites by perennials. Third, the 
segregation along soil water potential gradients of the two functional trait strategies for water stress 
tolerance was most likely driven by a trade-off between adaptations to shortage of water and 
adaptations to excessive water. This trade-off was indirectly implemented in PLANTHeR in the water 
competition module via the choice of four critical values Ψ1 - ΨPWP. When the soil water potential was 
within the range where this trade-off was inoperative (base model), the two functional trait strategies 
for water stress tolerance did not segregate. Previous field studies reported this trade-off as a major 
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constraint that underlies hydrological niche segregation in various environments and phylogenetic 
groups (Silvertown et al. 1999; 2015). Fourth, only in the two scenarios with the highest water stress 
intensity were individuals with long maximum seed dispersal distance (D) successful. This is in line with 
the theory that predicts that greater dispersal is favored in stressful environments (Teller et al. 2014).  
In summary, PFT segregation as well as the selection of the two functional traits water stress tolerance 
and seed dispersal distance were determined by soil water, while PFT diversity and selection of the 
functional traits life form, seed dormancy, seedling competitive ability, and maximum adult growth 
rate were driven by community-internal processes, namely competition for the single resource soil 
water. Hence, the presented functional trait composition and diversity of the plant communities was 
unique to soil water and cannot be directly transferred to abiotic factors which are not a resource such 
as soil pH. 
3.4.2. Trade-offs and positive correlations 
The most intriguing finding of my study was the absence of universal trade-offs; rather, the correlation 
strength was by itself a function of water stress intensity. This is a direct result of my trade-off 
unrestricted approach and highlights the urgent need for more such studies and the limitations of 
models based on trade-offs defined a priori. 
Among others, I found significant trade-offs between all traits representing competitive ability 
(seedling competitive ability and adult growth rate) and all traits promoting colonization ability in time 
and space (seed dormancy and seed dispersal distance). These results indicate that the classical 
competition-colonization trade-off did play an important role for hydrological niche segregation, which 
is in line with most theories on niche evolution (e.g., Tilman 1994; Chesson 2000; Körner & Jeltsch 
2008).  
In contrast to theoretical predictions, however, the strength of these trade-offs was not constant but 
changed consistently with water stress intensities in a unimodal fashion. Increasing water stress 
intensity weakened the trade-off competitive ability and seed dispersal while the trade-off between 
competitive ability and seed dormancy was consistently strengthened. 
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A weak or missing competition-dispersal trade-off is a typical syndrome of habitats in which microsite 
availability has a low importance as a selective force (Seifan et al. 2012). In my study, an increase in 
water stress intensity increased individual mortality, which in turn led to a higher availability of 
relatively heterogeneously distributed microsites. Thus, availability of microsites at a given point in 
time became less important as a selective force, which hence decreased the need for a competition-
dispersal trade-off (Yu & Wilson 2001; Seifan et al. 2012). On the other hand, with increasing water 
stress intensity, the importance of the temporal availability of a given site gained in importance as a 
selective force, which increased the need for a dormancy-competition trade-off (Snyder 2006). 
Further evidence for the increased importance of temporal site availability with increasing stress is the 
weakened positive correlation between seed dormancy and seed dispersal distance (Seifan et al. 
2012). Both dormancy and dispersal may allow species to exploit rare gap openings as recruitment 
sites, especially within competitive communities (Milton et al. 1997; Holmes & Wilson 1998). 
Therefore, these two traits are considered as alternative traits, and theory predicts a trade-off, rather 
than a positive correlation, between them (Venable & Brown). However, Snyder (2006) showed that 
high temporal predictability of the environment reduces the need for a trade-off between dispersal 
and dormancy and may even promote a positive relationship. My results show that despite the long 
temporal predictability of abiotic conditions, the predictability of the biotic environment (microsite 
availability) changed with increasing water stress intensity, which consistently weakened the positive 
correlation between dormancy and dispersal.  
Another trade-off associated with species coexistence is between species longevity and competitive 
ability (Tilman 1994). Again, I did not reproduce this well-known trade off but found a positive 
correlation between life form (annuals vs. perennials) and both traits related to competitive ability. 
However, the need for a longevity-competition trade-off might have been reduced, since the 
differentiation between traits associated with the competition-colonization trade-off was sufficient to 
generate coexistence (Tilman 1994).  
In summary, several of the emergent trait correlations supported previous findings. For example, the 
classical competition-colonization trade-off played a major role in maintaining PFT diversity and niche 
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segregation under different water stress intensities. However, rather unexpectedly, the strength of 
these (and other) trait correlations changed consistently in a unimodal fashion across water stress 
intensities. This unimodal change resulted from the dual effect of soil water on plant performances. 
The implications of this result are twofold. First, a dichotomous trait space with a singular pre-defined 
trade-off was insufficient to model hydrological niche segregation. Secondly, soil water had a strong 
impact on the functional structure of plant communities and could even alter postulated classical 
trade-offs.  
This suggests that neither positive nor negative trait correlations should be considered universal and 
used as a basis to choose PFTs for modelling studies, as is done in many geo-biosphere models (Bonan 
et al. 2002; Verant et al. 2004; Lapola et al. 2008). Instead, the trade-off unrestricted approach based 
on multiple traits used in PLANTHeR proved highly useful for studying species response to soil water 
as well as to disturbance (Seifan et al. 2012). 
3.4.3. Self-thinning 
Even though PLANTHeR includes several submodels which are inconsistent with the basic assumptions of 
the self-thinning rule (seed production, size-symmetric competition, mixed communities, etc.), it was able 
to reproduce thinning slopes surprisingly close to the expected -3/2.  
The slight deviance towards shallower thinning slopes in PLANTHeR might be a result of the mode of 
competition for water. Due to the non-pre-emptable uniform distribution of water, water competition 
is generally assumed to be size-symmetric (Schulte et al. 2013). Previous studies showed that size-
symmetric competition generally flattens the thinning slopes in theoretical plant populations (Chu et 
al. 2010; Lin et al. 2014). For example, Lin et al. (2014) found thinning slopes equal to -1.1, whereas 
Chu et al. (2010) reported thinning slopes as high as -0.8 if competition was size-symmetric. In 
comparison to these studies, the predicted thinning slopes by PLANTHeR are relatively steep.  
One possible explanation for this might be that neither study included recruitment, i.e. both were 
even-aged. Recruitment as such does not prevent populations from following the general principles of 
the self-thinning rule, especially if the biomass of the recruitment is negligible (Westoby 1984; Schulze 
et al. 2005; Luyssaert et al. 2008). However, it has been shown that in uneven-aged and/or mixed-
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species populations the thinning slope tends to be steeper (Schulze et al. 2005), which might explain 
the results predicted by PLANTHeR. 
I conclude that each of the submodels in PLANTHeR that is inconsistent with the self-thinning rule 
offsets the thinning slope in another direction, which in combination resulted in thinning slopes 
relatively close the classical -3/2. 
Existing models which investigate the thinning slope under environmental stress or different 
competition modes do not include recruitment (Chu et al. 2010; Lin et al. 2014). However, most natural 
plant populations do recruit and, depending on the pattern and periodicity of this recruitment, may 
vary in age (Van Wagner 1978; Splechtna & Gratzer 2005). Considering the expected changes in soil 
water availability due to climate change, future studies should investigate the combined effect of 
water stress, size-symmetric competition, and recruitment. 
Conclusions 
Given that the terrestrial water cycle is prone to anthropogenic alteration and expected to be strongly 
influenced by climate change (Vörösmarty & Sahagian 2000), it is important to understand the 
relationship between plant functional traits, community structure and hydrological niche segregation. 
Classical niche concepts are unable to provide a general explanation for species’ relative abundance 
and community structure due to underlying simplistic assumptions. In particular, many concepts focus 
on a limited number of trade-offs, including the competition-colonization trade-off. I used a highly 
flexible approach that models functional traits without defining trade-offs a priori. Instead all trade-
offs and trait correlations emerge from individual behavior and soil water availability. Another 
important innovation of PLANTHeR is that it represents highly resolved, spatially explicit, long-term 
vegetation dynamics applicable to both forests and grasslands. 
The model behavior of PLANTHeR was plausible in that it reproduced some well accepted patterns 
such as the theory of competitive exclusion and the self-thinning rule (Gause 1934; Yoda et al. 1963). 
PLANTHeR also confirmed accumulating evidence from field observations for hydrological niche 
segregation (Silvertown 2004). However, some of the resulting patterns were rather surprising. First, 
the strength of trait correlations, among those several associated with the well-known competition-
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colonization trade-off (Tilman 1994), were a function of water stress intensities. Second, a 
dichotomous trait space with a singular pre-defined trade-off was insufficient to model hydrological 
niche segregation.  
In summary, PLANTHeR was able to reproduce and explain classical plant community patterns while 
highlighting important research gaps. Especially the result that the intensity of trait correlations is a 
function of environmental factors is new and deserves further attention. With this in mind, a future 
study will examine how spatiotemporal variability of environmental factors, specifically of soil water, 
affect the intensity of trait correlations and the thereof resulting consequences for species coexistence 
with special regards to the storage effect as suggested by Silvertown et al. 2015.  
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Chapter 4 
Density-dependent dynamics in plant communities deviate 
from simple rules due to age structure, multiple species 
and abiotic stress 
The self-thinning rule which relates changes in mean plant biomass to density through time is a well-
studied concept in plant ecology. A pertinent debate centers around the generality of the values of the 
thinning intercept and slope. For example, intercept and slope may vary along abiotic stress gradients. 
However, variations in the biomass-density relationship due to abiotic stress have been studied only 
in highly simplified settings such as in even-aged monospecific populations without recruitment, short 
stress gradients, or a posteriori selected data points for fitting the self-thinning line.  
Here, I simulate changes in the entire biomass-density relationship over time of uneven-aged multi-
species communities using a complete water stress gradient from excessive to insufficient soil water 
availability. 
I show that both excessive and insufficient water availability strongly and consistently modified the 
entire biomass-density trajectory including the values of the slope of the classical self-thinning line. 
Namely, with increasing stress the slope decreased in communities with high density and increased in 
communities with low density. Additionally, also under moderate conditions the fact that I allowed 
recruitment and the coexistence of several plant functional types modified the biomass-density 
trajectory, too. Most interestingly, I detected four sections characterizing the biomass-density 
relationship instead of the classical three-sectioned biomass-density trajectories. Furthermore, early 
mortality was density-independent mainly as a result of annual plant mortality. Finally, the inclusion 
of recruitment could fill gaps created by mortality which consistently decreased the slope of thinning 
sections. I conclude that there is no generally applicable biomass-density relationship. Classical even-
aged monospecific studies do not capture processes in realistic plant populations and communities 
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such as the occurrence of recruitment or the coexistence of multiple species and thus, fail to predict 
variations in the biomass-density relationship due to abiotic stress. 
4.1. Introduction 
One of the most important principles in plant ecology is the self-thinning rule which relates changes in 
mean plant biomass to density through time. The rule predicts that this relationship in even-aged 
monospecific plant populations undergoing density-dependent mortality forms a straight self-thinning 
line with a slope of - 3/2 when the logarithm of mean surviving plant biomass w is plotted against the 
logarithm of plant density N. The rule is usually expressed as a power law w = kN-ɑ, where k and ɑ are 
the self-thinning intercept and slope, respectively (Yoda et al. 1963; Westoby 1984; Weiner & 
Freckleton 2010). Although there is broad consensus about the general process of self-thinning, there 
has been much debate about the fundamental validity of the specifics of the self-thinning rule, 
especially with respect to the values of the intercept and slope (Weller 1991; Lonsdale 1990; White et 
al. 2007). For example, it has been shown that these values may vary in populations subjected to 
abiotic stress such as resource deficit (Morris 2003; Chu et al. 2010; Lin et al. 2014). Specifically, based 
on the review of Morris (2003) six patterns of possible responses of the intercept k and slope ɑ to 
resource deficit have been observed: (1) both k and ɑ stay constant; (2) both k and ɑ decrease; (3) k 
decreases but ɑ stays constant; (4) k increases but ɑ stays constant; (5) k increases but ɑ decreases; or 
(6) k decreases but ɑ increases. The first pattern is also referred to as the ‘common line’ pattern, 
whereas the other patterns are ‘different line’ patterns (Morris 2003). However, the intensity and 
direction of variation in k and ɑ seem to be completely unpredictable and no general pattern as to why 
and under which conditions the values are modified when resource availability changes has been 
established to date. Plant physiological response curves along below- and aboveground resource 
gradients usually follow a unimodal relationship, i.e. both a deficiency as well as a surplus of resources 
hamper plant performance (Austin 1990). Soil water is an ideal resource for addressing the above 
questions in detail. Namely, it is a key resource for plants and essential to numerous physiological 
functions (Silvertown et al. 2015). In contrast to other resources, water simultaneously acts as a 
disturbance agent (flooding and drought) and can lead to the partial or total destruction of a plant 
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individual (Grime 1977). Furthermore, water is associated with other soil conditions that regulate 
oxygen concentration and nutrient availability (Yang & Jong 1971; Mustroph et al. 2016). Thus, both 
insufficient and excessive water availability reduce plant performance (Feddes et al. 1978; Moeslund 
et al. 2013; Silvertown et al. 2015), and studies of ‘complete’ water gradients can yield important 
insights about possible changes in the intercept and slope of the self-thinning line under abiotic stress. 
A previous experiment indicated that there was no significant change in both the intercept and slope 
under moderate water deficit in comparison to well-watered conditions (Liu et al 2006). However, 
there is no study which examines changes in the intercept and slope along a complete stress gradient, 
e.g. from excessive to insufficient water availability. 
Competition for water is generally assumed to be size-symmetric due to its non-pre-emptable uniform 
distribution (Schwinning & Weiner 1998; Schulte et al. 2013). Previous studies showed that size-
symmetric competition generally increase ɑ (Stoll et al. 2002; Chu et al. 2010; Lin et al. 2014). However, 
these studies are based on monospecific populations without recruitment, i.e. of even-age. Yet, 
ignoring recruitment, species coexistence, and changes in species composition along stress gradients 
appear a large simplification of the processes occurring in nature which hampers our ability to 
understand the complexity and spatiotemporal variability of multi-species natural ecosystems. This is 
especially true for water stress gradients where the dual effect of water as a resource and a 
disturbance modifies the functional and structural composition of plant communities in a very complex 
manner (Silvertown et al. 2015; Herberich et al. 2017).  
Another shortcoming of previous studies regarding changes in density-dependent effects due to 
abiotic stress is that they focused only on changes in the self-thinning section (Morris 2003; Chu et al. 
2010; Lin et al. 2014). However, the self-thinning section is only part of the entire biomass-density 
trajectory (hereinafter abbreviated as ‘bdt’) (Begon et al. 1991; Berger & Hildenbrandt 2003). Classical 
bdts additionally include a fast growing section and a post-thinning section (Begon et al. 1991; Berger 
& Hildenbrandt 2003). A previous experiment indicated that even moderate water deficit can delay 
the onset of the self-thinning process in comparison to well-watered conditions (Liu et al 2006), and 
thus likely alter the duration of all bdt sections.  
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This is the first attempt to comprehensively investigate changes in the entire biomass-density 
trajectory along a complete stress gradient within an uneven-aged, multi-species plant community. 
Using a spatially explicit individual-based model, I investigated occurrence, duration and 
characteristics of the different sections of the biomass-density trajectory as well as the values of k and 
ɑ along a soil water gradient. 
4.2. Materials and methods 
To answer the above research question I performed a set of simulation experiment with the 
individual-based model PLANTHeR. A complete model description following the ODD (Overview, 
Design concepts, Details, (Grimm et al. 2006, 2010)) protocol can be found in chapter 2. Here, I only 
specify the ‘Diversity and functional composition of simulated plant communities’, ‘Soil water 
scenarios’, ‘Spatial and temporal scales’ and ‘Statistical analysis’ simulated in this chapter. 
4.2.1. Diversity and functional composition of plant communities 
A detailed analysis of the diversity, functional composition and functional trait trade-offs of the 
simulated plant communities can be found in chapter 3. Here, I only give a brief overview over the 
main points of the functional composition which affect the biomass-density relationship. 
In PLANTHeR, each individual is characterized by six general, composite functional traits which can 
represent several alternative traits depending on the specific ecosystem. Two traits are related to 
competitive ability (seedling competitive ability, maximum adult growth rate), two traits represent 
spatiotemporal colonization abilities (seed dormancy, seed dispersal distance), one trait affects 
longevity (life form), and one trait affects the response to abiotic stress (water stress tolerance). Each 
functional trait is represented by two opposing strategies: perennial(P)/annual(a) life form, 
high(T)/low(t) water stress tolerance, long(D)/short(d) seed dispersal distance, long-(S)/short-term(s) 
seed dormancy, strong(C)/weak(c) seedling competitive ability, and high(G)/low(g) maximum adult 
growth rate (Seifan et al. 2012, 2013). Except for the functional traits ‘life form’ and ‘water stress 
tolerance’ (Sect. 4.2.1), the functional trait strategy indicated by the capital letter stands for 80% of 
the maximum trait value whereas the strategy indicated by the lowercase letter stands for 20%, 
respectively. Seed dormancy, seedling competitive ability, and maximum adult growth rate are 
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probabilistic traits with a maximum of 100%. Maximum seed dispersal distance is 20 m (Nathan & 
Muller-Landau 2000). The exact trait values are drawn for each individual separately from a normal 
distribution with the PFT strategy as mean and 10% of the maximum trait value as standard deviation 
(SD). 
 
Fig. 4.1. Adapted from chapter 3. Change in mean ± SD PFT richness (a) and Shannon diversity index 
(b) of ten repetitions over time for seventeen soil water potentials [mm]. PFT richness and Shannon 
diversity index were generally consistent in their trend in time, however, these two measures did not 
stabilize at the exact point in time for all soil water potentials. PFT richness stabilized latest after 1500 
years, meaning that I did not find any significant differences (p > 0.05) in PFT richness for all soil water 
potentials after 1500 years. On the other hand, the values of the Shannon diversity index stabilized 
latest after 1100 years for all soil water potentials. 
 
PLANTHeR models diverse communities comprising up to 64 PFTs resulting from the full factorial 
combinations of the functional trait strategies (Seifan et al. 2012, 2013; Herberich et al. 2017). In each 
of the 15 simulated soil potential scenarios, communities were initialized with the highest diversity, 
i.e. all 64 PFTs had similar initial densities (Fig. 4.1). Diversity decreased over time due to competitive 
exclusion and a maximum of two PFTs were able to coexist in the long run (Fig. 3.3, Fig. 4.1). 
4.2.2. Soil water scenarios 
Similar to the soil water scenarios of chapter 3, I defined two different reduction functions for high 
water stress tolerant (fT(Ψ)) and low water stress tolerant PFTs (ft(Ψ)) (Table 4.1) (Herberich et al. 
2017). The critical potentials Ψi [mm] were chosen as to maximize differences between the two 
opposing PFT strategies. High water stress tolerance signifies high tolerance to droughty conditions 
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but low tolerance to wet conditions and vice-versa for low water stress tolerance (Silvertown et al. 
1999). 
Table 4.1. 
Critical potentials Ψi [mm] of water uptake governing the reduction function for PFTs with high water 
stress tolerance (fT(Ψ)) and low water stress tolerance (ft(Ψ)). 
Ψi Water stress tolerance high Water stress tolerance low 
Ψ1 -150 -1 
Ψ2 -300 -10 
Ψ3 -10000 -2000 
ΨPWP -240000 -80000 
Soil water scenarios were chosen based on the reduction functions f(Ψ) to represent gradients of 
water stress intensities for high water stress tolerant and low water stress tolerant PFTs. Here, only 
cases with negligible seasonal and inter-annual soil water potential variability are considered. The 
growing season is thus assumed to be statistically homogenous and modelled in 15 soil water potential 
scenarios Ψ [mm] (Table 4.2). At soil water potentials between -300 and -2000 mm, the values of both 
reduction functions, fT(Ψ) for high water stress tolerance and ft(Ψ) for low water stress tolerance, equal 
one, i.e. no PFT experiences stress. Therefore, Ψ = -1900 mm was chosen to represent a ‘base model’. 
Each of the 15 soil water potential scenarios was repeated ten times. 
Table 4.2.  
15 simulated soil water potential scenarios Ψ [mm] representing different stress intensities, i.e. f(Ψ), for 
high water stress tolerant (T) and low water stress tolerant (t) PFTs. 
Ψ fT(Ψ) ft(Ψ)  Stress and target PFT 
-30.0 E+4 0.00 0.00 Insufficient water availability T 
-17.1 E+4 0.30 0.00 Insufficient water availability T 
-12.5 E+4 0.50 0.00 Insufficient water availability T 
-80.0 E+3 0.70 0.00 Insufficient water availability T 
-56.0 E+3 0.80 0.30 Insufficient water availability t 
-41.0 E+3 0.90 0.50 Insufficient water availability t 
-25.4 E+3 0.93 0.70 Insufficient water availability t 
-1.9 E+3 1.00 1.00 Sufficient water availability T & t 
-255 0.70 1.00 Excessive water availability T 
-225 0.50 1.00 Excessive water availability T 
-195 0.30 1.00 Excessive water availability T 
-7.3 0.00 0.70 Excessive water availability t 
-5.5 0.00 0.50 Excessive water availability t 
-3.7 0.00 0.30 Excessive water availability t 
0 0.00 0.00 Excessive water availability t 
4.2.3. Initialization 
Similar to previous self-thinning simulation studies (e.g. Chu et al. 2010; Lin et al. 2014), the model is 
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initialized with a random spatial distribution of adult plants. Each grid cell has a 50% chance of being 
occupied by an adult, resulting in initial densities of approximately 102.3 individuals/m² similar to typical 
densities of temperate herbaceous communities (Schippers et al. 2001). The specific individual identity 
is then determined randomly such that each of the 64 PFTs has the same probability to occupy the cell 
(Seifan et al. 2012, 2013; Sect. 2.16). Irrespective of the PFT, initial biomass of an adult plant is set to 
125 mg. 
4.2.4. Spatial and temporal scales 
PFT richness and Shannon diversity index reached a stable state after 1500 years for all soil water 
potentials (Fig. 4.1). I therefore chose 2000 years as simulation time. The model landscape consisted 
of a grid of 800 × 800 cells with periodic boundaries to avoid boundary effects.  
4.2.5. Statistical analysis 
The bdt can be subdivided into different sections by means of the skewness (third moment) of the 
biomass distribution (Berger et al. 2002). Thereby, bdt sections during which communities underwent 
self-thinning are indicated by a characteristic decay of positive skewness (Berger et al. 2002). For each 
self-thinning section identified by that approach, regression lines were fitted to the log10-transformed 
mean biomass w and density N using a reduced major axis analysis (RMA) (sensu Warton et al. 2006). 
I tested with a one-sample t-test whether the slopes were equal to -3/2 and whether the slopes and 
intercepts of each soil water scenario differed from those of the base model.  
All statistical analyses were performed in R 3.1.2. 
4.3. Results 
The biomass-density trajectories, bdts, could be subdivided into different sections of community 
structure indicated by the skewness of the biomass distribution for all soil water scenarios (Fig. 4.2, 
Appendix B).  
When Ψ was within the range where fT(Ψ) and ft(Ψ) differed, the duration and existence of bdt sections 
and values of k and ɑ of self-thinning sections were dominated by the PFT strategy for water stress 
tolerance with the higher f(Ψ) value, from now on called dominant reduction function fd(Ψ) (Fig. 4.3, 
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Appendix B). That is because independent of similar initial densities, the best competitor for soil water 
dominated the model landscape (see also Herberich et al. 2017).  
 
Fig. 4.2. (a) Change in mean ± SD (in grey) skewness of the biomass distribution of the base model 
across ten replicates over 2000 years. The two x-intercepts and the first maximum defined four distinct 
sections which are highlighted using a color code. (b) Entire biomass-density trajectory of the base 
model; i.e. relationship between the logarithm of mean plant biomass of survivors w (mg/m²) and the 
logarithm of plant density N (individuals/m²) for all ten replicates over 2000 years. Colors show the 
four sections of community structure indicated by skewness of the biomass distribution in Fig. 4.2a. 
Black lines represent the fitted regression lines to the self-thinning sections using a reduced major axis 
analysis (RMA). Fitted slopes had a mean of -1.446 (95% CI [-1.452 to -1.440]) in section II and a mean 
of -1.100 (95% CI [-1.104 to -1.096]) in section IV.  
 
When the soil water potential was within the range where fd(Ψ) = 1.0, i.e. the dominant PFT strategy 
did not experience any stress, the duration of bdt sections as well as the values of k and ɑ of the self-
thinning sections were not significantly different from the base model (Fig. 4.2, Fig. 4.3, Appendix B 
Fig. B8 – B11). In these scenarios, the first maximum and both x-intercepts of the skewness subdivided 
the bdts into four distinct sections which will be explained in the following. Section I was characterized 
by an increase of positive skewness and ended with the first maximum of skewness. In this section 
bdts showed a non-linear relation between w and N. Section II was characterized by a constant decay 
of positive skewness between the first maximum and the first x-intercept. In this section bdts had a 
linear relation between log w increase and log N decrease which corresponded to the classical self-
thinning line. All regression lines between log w and log N were significant. The fitted slopes were 
marginally but significantly shallower than the slope predicted by the self-thinning rule (Fig. 4.3). 
Section III showed a negative skewness between the two x-intercepts. In this section the bdts deviated 
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from the linear self-thinning line because the growth rate of the initial cohort reached zero. Section IV 
started at the second x-intercept with a positively increasing skewness and was characterized by 
periodic changes in skewness. Over time, this periodicity was less pronounced and less synchronized 
among simulation replicates. Bdts in this section had a linear relationship between log w and log N. An 
increase in density and a decrease in mean biomass was accompanied by an increase in skewness and 
vice-versa. All regression lines between log w and log N were significant. The slopes were significantly 
shallower than -3/2 (Fig. 4.3). The transition between section III and IV corresponded approximately 
to the point in time of maximum yield (base model 235 ± 25 years) (Appendix C). 
 
Fig. 4.3. Changes in slope and intercept of two observed self-thinning sections (section II and IV) within 
the entire biomass-density trajectory with increasing water stress for both excessive and insufficient 
water availability, i.e. decreasing fd(Ψ). P values refer to significant differences from the values of the 
base model: × P > 0.01.   P ≤ 0.001 (one-sample t-test). 
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With increasing water stress intensity for both excessive and insufficient water availability; i.e. 
decreasing fd(Ψ), the duration and presence of bdt sections as well as the values of k and ɑ of the self-
thinning sections changed in a consistent manner (Fig. 4.3, Appendix B). The duration of section I 
(except fd(Ψ) = 0.3), II (except fd(Ψ) = 0.3), and IV (except fd(Ψ) = 0.5) increased with decreasing fd(Ψ). 
In contrast, the duration of section III decreased with decreasing fd(Ψ) and below fd(Ψ) < 0.9 this section 
disappeared (Appendix B). The values of k and ɑ of the self-thinning section II were not significantly 
different from the base model if fd(Ψ) > 0.8 (common line pattern) but were significantly different from 
the base model if fd(Ψ) ≤ 0.8 (different line pattern). The different line patterns were: (1) k kept 
constant and ɑ increased if fd(Ψ) = 0.8, and (2) k increased and ɑ decreased if fd(Ψ) < 0.8 (Fig. 4.3). In 
the self-thinning section IV, the values of k and ɑ showed different line patterns: (1) k decreased and 
ɑ was constant if 1.0 > fd(Ψ) < 0.7, (2) both k and ɑ decreased if fd(Ψ) = 0.7, (3) k increased and ɑ 
decreased if fd(Ψ) = 0.5, and (4) k decreased and ɑ increased if fd(Ψ) = 0.3 (Fig. 4.3). 
4.4. Discussion 
My overall results indicate that there is no generally applicable biomass-density trajectory bdt. Instead 
the entire bdt, including the intercept and slope of the classical self-thinning line, were a function of 
the water stress intensity. Specifically, there is ‘no slope that fits them all’, i.e. a general valid self-
thinning slope cannot be specified. This does not mean that previous attempts to assign such a 
universal value to the slope of the self-thinning line are not valid. However, the inclusion of a few 
important characteristics of natural populations and communities such as the occurrence of 
recruitment or the coexistence of multiple PFTs into my model allowed for a deeper understanding of 
the mechanisms underlying density-dependent processes in natural communities under abiotic stress. 
In the following, I first briefly highlight the similarities between my model results and that of previous 
studies and then discuss the deviations and their reasons. 
First, I found that the bdts could be subdivided into several distinct sections of community structure 
which were indicated by changes in skewness of the biomass distribution over time (Berger et al. 2002). 
Second, consistent with previous studies, my results showed that the growth reduction in stressed 
communities delayed the onset of self-thinning (increase duration of section I) as well as retarded the 
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process itself (increase duration of section II) (Liu et al. 2006; Zhang et al. 2017). Third, under minor 
water stress, the entire bdt including values of k and ɑ of self-thinning sections was only marginally (if 
at all) different from the one under optimal water conditions, i.e. the base model. This means in these 
scenarios the common line pattern emerged (Morris 2003). However, with increasing stress intensity 
both by excessive and insufficient soil water availability different line patterns appeared. In line with 
my findings, previous studies on changes in the values of k and ɑ due to resource deficit found the 
common line pattern when the deficit was minor (Kays & Happer 1974; Lonsdale & Watkinson 1982; 
Liu et al. 2006) whereas different line patterns have been observed when the deficit was serious 
(Morris 2003). Interestingly, this shift in pattern of the direction and magnitude of variations in k and 
ɑ is not restricted to gradients of resource availability as in previous studies, but I could show that it 
also holds for other types of abiotic stress, such as excessive water availability.  
Remarkably, the strong deviation of the values of k and ɑ from the base model when abiotic stress was 
serious were the same at both ends of the gradients, a pattern that has not been observed before. 
Namely, the studies that addressed abiotic stress gradients, either focused on unidirectional stress 
gradients, e.g. resource deficit (e.g. Morris 2003; Liu et al. 2006; Lin et al. 2014), or did not specify the 
stress type (Chu et al. 2010). The observed jumps in k and ɑ can be explained with a decrease of the 
density range (log10(Nmin/Nmax)), i.e. less change in density over time. Similar to studies on plant 
populations, communities with a low density range but a relatively high mean density had the lowest 
thinning slopes (fd(Ψ) = 0.5) while communities with a low density and a relatively low mean density 
had the highest thinning slopes (fd(Ψ) = 0.3) (Westoby 1984; Lonsdale 1990; Zhang et al. 2005). 
Lonsdale (1990) stated that populations with a small density range lack sufficiently long growth 
periods, and can thus be considered in an early stage of self-thinning. My findings suggest that growth 
reduction due to abiotic stress can cause a similarly small density range in plant communities with the 
corresponding effects for the values of the thinning slope even over long growth periods. 
In addition to the prominent effects of stress, the addition of a few important processes of realistic 
communities into PLANTHeR caused several interesting deviances from classical bdts even when only 
considering the minor stressed communities. Namely, rather unexpectedly, PLANTHeR predicted that 
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under minor water stress the bdts included four sections in contrast to the classical three-sectioned 
bdts (Lonsdale 1990; Begon et al. 1991; Berger & Hildenbrandt 2003). However, the predicted four 
sections can be plausibly explained with the additional submodels included in PLANTHeR which are 
inconsistent with the basic assumptions of the self-thinning rule (recruitment, size-symmetric 
competition, diverse communities, etc.). Section I and II delineated the beginning and the end of the 
self-thinning process of the initial cohort which was indicated by a characteristic rise and decay of 
positive skewness (Berger et al. 2002). In section I, the bdts showed an immediate onset of mortality 
which contradicts classical bdts in which the first section indicates fast growth without or little 
mortality (Lonsdale 1990; Begon et al. 1991; Berger & Hildenbrandt 2003). This inconsistency was 
directly related to the fact that my model simulated different coexisting PFTs. Specifically, early 
mortality was mainly due to annual life form and stochasticity in perennial survival, and thus density 
independent. Despite this density independent mortality, the skewness in the first section of the self-
thinning process increased. This size diversification originated in PFT specific differences in individual 
growth rates due to variance in the functional traits maximum adult growth rate and life form. Section 
II corresponded to the classical self-thinning section with values corresponding closely to the expected 
-3/2. This is striking given that several of my submodels were inconsistent with the basic assumptions 
of the self-thinning rule. I interpret this as the outcome of an averaging process similar to Herberich et 
al. (2017) who reported that under optimal water conditions, submodels with opposing effects on the 
thinning slope, i.e. size-symmetric competition increases whereas recruitment decreases the slope, 
can balance each other, and thus result in thinning slopes typically observed in natural populations 
(Lonsdale 1990). In section III, the bdts deviated from the linear self-thinning line because individuals 
of the initial cohort almost attained their maximum size. Therefore, mortality probability due to 
senescence increased and subsequently, increased the formation of gaps into which new individuals 
could recruit. Previous studies mostly ignored recruitment and thus, the gaps formed in section III 
could not be filled so that the bdt bends below the self-thinning line and eventually run parallel to the 
x-axis (Berger et al. 2002; Monserud et al. 2004). In PLANTHeR, gaps were filled via recruitment which 
straightened the bdt (Kohyama 1992; Zeide 1995). Section IV represented the self-thinning process of 
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new generations as a sequence of alternating phases of size diversification and homogenization. Over 
time, these phases desynchronized between simulation runs and decreased in amplitude and period. 
This was caused by a shift from the initial even-aged cohort to an increasingly uneven-aged mosaic of 
large individuals and aggregated patches of recruitment (Moeur 1997). Consequently, density-
dependent mortality occurred locally within patches of recruitment resulting in a spatially 
desynchronized the self-thinning process (Moeur 1997). This had twofold consequences for the 
community structure. First, after a constant increase since initialization, the community yield reached 
a maximum at a point in time approximately corresponding to the transition between section III and 
IV. The yield then dropped and settled to a quasi-equilibrium. Interestingly, these observed yield 
dynamics resemble biomass dynamics in a forest landscape comprising of tree species with relatively 
similar longevities and sizes following a large-scale disturbance (Bormann & Likens 1979; Shugart 
2014). Second, the values of the thinning slope shifted to -1.1. Theory predicts that even-aged 
monospecific populations thinning along slopes of -3/2 eventually reach a maximum yield which then 
stays constant over time. At maximum yield, any increase in mean biomass is accompanied by a 
corresponding decrease in plant density (Lonsdale 1990). This leads to a shift in the thinning slope to -
1 (Lonsdale & Watkinson 1982; Westoby 1984). Interestingly, my results indicate that in uneven-aged 
diverse communities a corresponding shift in the thinning slope to -1.1 occurs at maximum yield even 
though their yield is not constant over time but at quasi-equilibrium. 
Conclusions 
Historically, the self-thinning rule was designed and validated for even-aged monospecific populations 
(Yoda et al. 1963; Westoby 1984). Since then, it has been suggested that the principles of the self-
thinning rule also hold for uneven-aged multi-species communities (Kohyama 1992; Schulze et al. 
2005; Vospernik & Sterba 2015). However, the validity of the specifics of the self-thinning rule have 
been studied less in this context. Nevertheless, the specifics, especially the -3/2 thinning slope, are 
often used for management decisions, productivity assessments, and carbon budgeting of more 
natural uneven-aged multi-species communities (Cao 1994; Pretzsch & Biber 2005; Stankova & Shibuya 
2007; Newton 2012; Luyssaert et al. 2008). My work aims to broaden the applicability of self-thinning 
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study to a community level and presents a tool to simulate more natural ecosystems (functionally 
diverse communities). 
My results indicate that there is no generally applicable biomass-density trajectory (bdt). Instead the 
presence and duration of all bdt sections, as well as values of the intercept and slope of the classical 
self-thinning line, changed across an abiotic stress gradient. Consequently, to predict variations in the 
biomass-density relationships across abiotic stress gradients the entire bdt should be considered 
rather than excluding data points or entire sections of the bdt (e.g., Liu et al. 2006; Chu et al. 2010; Lin 
et al. 2014). Remarkably, at both ends of the stress gradient the values of the intercept and slope 
differed similar in direction and intensity from benign conditions, a pattern that has not been observed 
before. However, also under benign conditions the representation of more natural uneven-aged multi-
species communities, i.e. the simulation of recruitment and the inclusion of multiple PFTs, caused 
several interesting deviations of the bdt. Namely, recruitment consistently steepened the slope of 
thinning sections and enabled an additional fourth bdt section in contrast to classical three-sectioned 
bdts (Begon et al. 1991; Berger & Hildenbrandt 2003). Further, early mortality was density independent 
due to the coexistence of different PFTs of various sizes and longevities. 
This study shows that rather than trying to pinpoint fundamentally valid values to the thinning 
intercept and slope, studies on the self-thinning rule should focus on mechanism and patterns behind 
possible variations. The fact that the values of the thinning intercept and slope, as well as other 
measures within the entire bdts, changed in a consistent manner across a gradient of water stress 
intensity from excessive to insufficient soil water availability does neither generalize nor dissipate the 
rule but instead increases its applicability. I thus advocate an explicit focus on predictable deviations 
from the classical self-thinning line in future studies in order to better understand the mechanisms 
behind density-dependence in natural populations and communities. 
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Chapter 5 
Temporal storage effect explains hydrological niche 
segregation and coexistence in plant communities across 
the full range of soil water availability 
Climate change will modify not only the means of climatic variables but also their variance, with more 
extreme events predicted by most models. However, despite the well-known importance of 
temporally-varying environments in determining population and community dynamics, the 
consequences of the changes in temporal variance of precipitation patterns on plant communities are 
one of the least understood aspects of global climate change. Based on theory, it has been suggested 
that the temporal storage effect may explain diversity and functional composition of plant 
communities under temporally-varying soil water conditions. However, this idea has only been tested 
for arid communities. 
In this chapter, I used PLANTHeR to investigate the hypothesis that temporal variation in soil water will 
promote species coexistence via the temporal storage effect as well in humid climates. Furthermore, I 
investigated which plant functional traits are key in explaining coexistence in various temporal patterns 
of soil water availability across different spatial soil water gradients ranging from excessive to 
insufficient soil water availability. 
My results confirmed that the temporal storage effect promotes diversity if individuals differ in their 
hydrological niche. Furthermore, coexistence was boosted by simulating functionally diverse 
communities which include various traits to buffer against the different temporal patterns of soil water 
availability. Specifically, at high levels of temporal variation the functional traits flood stress tolerance 
and life form were the most important functional traits in determining the individual’s response, while 
surprisingly under minor temporal variation long-distance seed dispersal boosted coexistence through 
spatial refuges. Strikingly, the predicted plant community patterns of diversity and functional 
composition remained similar over different gradients of excessive and insufficient soil water 
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availability in space.  
In general, my results suggested that the diversity and functional composition of plant communities is 
largely determined by the patterns of temporal soil water variability not only in highly water limited 
ecosystems such as in arid and semi-arid climates but even in humid climates. This highlights that 
classical ecological climate impact research which mainly focuses on the effects of changes in mean 
water availability on plant growth may fall short in capturing the main effects of climate change.  
5.1. Introduction 
Scientific evidence is concurrent in that the anthropogenic-induced climate change will continuously 
alter means of temperature and precipitation globally. In addition, climate change is expected to 
increase temporal climate variability as well as the occurrence of extreme climatic events such as 
droughts, floods or hurricanes (Allan & Soden 2008; Easterling et al. 2000). Despite this prediction, 
most ecological climate impact studies have focused on how changes in climatic means will affect the 
structure and functioning of ecological systems and communities. However, the structural and 
functional composition of plant communities is suggested to be more susceptible to a decrease in 
predictability, especially of precipitation patterns, than to a change in climatic means (Reyer et al. 
2013). This lack of studies addressing the impact of increased climate variability is further surprising 
since plant ecological theory on how temporal environmental variation affects individual performance 
(Novoplansky & Goldberg 2001; Picotte et al. 2007), population or community dynamics (Pfister 1998; 
Chesson 2000a; Morris & Doak 2004; Snyder & Tartowski 2006; Li & Ramula 2015) is abundant and can 
provide testable predictions for the response of plants to increasing climate variability.  
A prominent ecological theory relating temporal environmental variation to community diversity is the 
temporal storage effect (Chesson 1994; Chesson 2000a; Chesson 2000b). The temporal storage effect 
allows environmental niche differences of a set of species to promote competitive coexistence in 
temporally-varying environments. A basic assumption of the temporal storage effect is that the 
members of that set of species need to have reciprocal negative interactions. This set of species could 
possibly coexist depending on the characteristics and interaction of three main contributing elements: 
(1) species-specific responses to the environment, (2) covariance between the environment and 
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competition and (3) buffered population growth rate (Chesson 1994; Chesson 2000a; Chesson 2000b). 
Buffered population growth may result from various plant traits, such as traits related to species’ 
growth rate strategies or longevity, which decrease the sensitivity of specific life-history stages to 
temporal environmental variation (Chesson 2000a; Májeková et al. 2014). Functional traits can be a 
direct link between species response and environmental factors (Cornelissen et al. 2003). These traits 
relate environmental factors to individual fitness via their effects on growth, reproduction, and survival 
(Laughlin & Laughlin 2013).  
Most interesting in the context of climate change is the suggestion that the temporal storage effect 
may promote plant species coexistence under temporally-varying soil water availabilities (Silvertown 
et al. 2015). Soil water has a dual effect on plant communities meaning that soil water is a key resource 
for plants while it simultaneously acts as a disturbance agent (Silvertown et al. 2015; Grime 1977). 
Furthermore, water is associated with other soil conditions that regulate oxygen concentration and 
nutrient availability (Mustroph et al. 2016). Hence, both excessive and insufficient soil water 
availability hamper plant performance and may consequently determine the coexistence of plant 
species (Feddes et al. 1978; Moeslund et al. 2013; Herberich et al. 2017). Accordingly, it has been 
shown that the functional composition, diversity and distribution of plant communities is highly 
sensitive to changes in soil water availability (Silvertown et al. 2015; Herberich et al. 2017). Therefore, 
the relationship between soil water and plant community dynamics should be key to studying 
vegetation response to climate change. 
The influence of soil water on the composition and distribution of local vegetation is especially evident 
in the increasing number of field observations related to the so-called hydrological niche segregation 
(Silvertown et al. 2015). Plant species can be defined by species-specific ranges of soil water conditions, 
i.e. their hydrological niche, such that the species’ presence and location in the landscape can be 
described using functions of soil water (Silvertown et al. 1999).  
However, the mere description of distribution patterns is not sufficient to predict species’ response to 
changes in mean and variance of soil water; one also needs to investigate the actual consequences of 
hydrological niche segregation for plant communities (Silvertown et al. 2015). Few studies showed that 
 Chapter 5 54 
hydrological niche segregation is responsible for coexistence (e.g. Adler et al. 2006; Verhulst et al. 
2008; Herberich et al. 2017; for a review see Silvertown et al. 2015), whereas a larger number showed 
that hydrological niche segregation influences the community assembly (Beatty 1987, Reynolds et al. 
1997).  
However, little is known about the mechanisms linking hydrological niche segregation and coexistence 
(Silvertown et al. 2015). Soil water is an ideal environmental factor to allow for the temporal storage 
effect because it is highly variable in both time and space on a fine scale, so that hydrologically 
heterogeneous habitats such as wet heathlands or temporarily flooded meadows may even exhibit 
opposing types of water stress in the course of a growing season (Oddershede et al. 2015). Still, this 
insufficient state of knowledge also holds for the temporal storage effect; i.e. the few studies which 
did indicate the temporal storage effect as a possible coexistence mechanism underlying hydrological 
niche segregation were confined to arid climates (Adler et al. 2006; Cheng et al. 2006; Verhulst et al. 
2008; Angert et al. 2009; Kowaljow & Fernandez 2011; for a review see Silvertown et al. 2015). This is 
regrettable because understanding coexistence mechanisms and their relationship to temporal 
climatic variation will be key to predicting vegetation response to climate change. 
It is a challenge to predict the functional traits that will be important in determining species response 
to temporally-varying soil water conditions, i.e. the traits that might buffer the population growth rate 
against temporally-varying soil water. One reason for this is that the predictive power of a given 
functional trait for species response patterns can change across different environmental conditions 
(de Bello et al. 2005). For example, Herberich et al. (2017) showed that functional trait trade-offs 
associated to coexistence and hydrological niche segregation changed in a unimodal fashion along a 
gradient of spatially and temporally homogenous soil water. Thus, any study to investigate the 
temporal storage effect as a possible coexistence mechanism underlying hydrological niche 
segregation should not include any a priori defined trade-off and investigate whether the predicted 
traits are consistent across different soil water conditions. 
In this chapter, I used the generic individual-based model PLANTHeR (PLAnt fuNctional Traits 
Hydrological Regimes) which describes plant functional trait abundance as a function solely of the soil 
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water potentials and individual behavior (Herberich et al. 2017). PLANTHeR includes general, 
composite functional traits from the whole-plant economic spectrum (Reich 2014) which can represent 
several alternative functional traits depending on the specific ecosystem. An important innovation of 
the model is that it does not assume any a priori trade-offs and therefore is naïve with respect to the 
selection of functional traits. Consequently, PLANTHeR allows to test whether functional traits remain 
consistent as determinants of temporal response patterns under different soil water conditions. 
Specifically, I ask: 
1) Do temporally-varying soil water potentials promote coexistence via the temporal storage 
effect in humid climates? 
2) Which plant functional traits are key to explaining the response of plant individuals to temporal 
variation of soil water potentials? 
3) Are the plant functional traits which predict the plant individual’s response to temporal 
variation stable over different spatial gradients of excessive and insufficient soil water 
availability?  
5.2. Materials and methods 
PLANTHeR is a generic spatially explicit individual-based model designed to evaluate the relative 
importance of soil water for the functional and structural composition of plant communities. Thus, as 
opposed to existing state variable models testing the storage effect (e.g. Chesson 1985; Chesson 
2000b), PLANTHeR includes variability, local interactions (immediate competition), and complete life-
cycles as well as an explicit representation of space. In spite of this, PLANTHeR is in general consistent 
with the basic assumptions of the temporal storage effect. PLANTHeR simulates two kinds of mutually 
negative interactions between individuals: (1) seedling competition for vacant positions (Chapter 2 
Sect. 2.17.3) and (2) competition for soil water (Chapter 2 Sect. 2.17.7). Both competitive interactions 
are explicit functions of the environment, i.e. the environment and competition covary. Depending on 
the specific parametrization of the plant functional type (PFT), the simulated populations can buffer 
their population growth against unfavorable soil water conditions via seed dormancy, adult growth, 
adult longevity and/or spatial refuges. 
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A complete model description of PLANTHeR following the ODD (Overview, Design concepts, Details, 
(Grimm et al. 2006, 2010)) protocol can found in chapter 2. Here, I only give the most important points 
regarding the setup of the simulation experiments used in this chapter: ‘Functional traits and PFT 
parameterization’, ‘Soil water scenarios’ and ‘Spatial and temporal scales’.  
5.2.1. Functional traits and PFT parameterization 
PLANTHeR models diverse communities comprising up to 64 PFTs. These PFTs result from the full 
factorial combinations of six functional traits (Seifan et al. 2012, 2013; Herberich et al. 2017). 
Differences between species strategies to buffer their population growth rate against temporal 
variation in their environment have been associated with a functional trade-off, the so-called whole 
plant economic spectrum (Reich 2014). The whole plant-economic spectrum includes relevant key 
functional traits known to be related to species life history, reproduction and growth rate strategies 
(Reich 2014). I selected general, composite functional traits from the whole plant economic spectrum 
to represent various possible strategies to buffer against temporal variation in soil water potentials. In 
the previous chapters, I already showed that these plant functional traits and their specific 
combination (PFT) were key to explaining the response of plant individuals to different spatiotemporal 
homogeneous soil water scenarios. 
Two traits were related to the individual’s competitive ability (seedling competitive ability and 
maximum adult growth rate). Two traits represented colonization abilities in time and space (seed 
dormancy and seed dispersal distance) and two traits affected the individual’s longevity (life form and 
flood stress tolerance). Each functional trait is represented by two opposing strategies: 
perennial(P)/annual(a) life form, low(T)/high(t) flood stress tolerance, long(D)/short(d) seed dispersal 
distance, long-(S)/short-term(s) seed dormancy, strong(C)/weak(c) seedling competitive ability, and 
high(G)/low(g) maximum adult growth rate (Seifan et al. 2012, 2013). Except for the functional trait 
‘life form’ and ‘flood stress tolerance’, the functional trait strategy indicated by the capital letter stands 
for 80% of the maximum trait value whereas the strategy indicated by the lowercase letter stands for 
20%, respectively. Seed dormancy, seedling competitive ability, and maximum adult growth rate are 
probabilistic traits with 100% being the maximum. Maximum seed dispersal distance is 20 m (Nathan 
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& Muller-Landau 2000). The exact functional trait values are drawn for each individual separately from 
a normal distribution with the PFT strategy as mean and 10% of the maximum trait value as standard-
deviation. 
Differences between PFT strategies for low(T)/high(t) flood stress tolerance are simulated by means of 
a reduction function f(Ψ), a dimensionless prescribed function of the soil water potential Ψ [cm] based 
on four critical values Ψ1 - ΨPWP (Feddes et al. 1978). The critical potentials Ψi [cm] of both flood stress 
tolerance strategies were chosen based on field measurements in mixed riparian vegetation of humid 
climates (De Silva et al. 2008; Lowry & Loheide 2010; Loheide & Booth 2011) (Table 5.1). Thereby, low 
flood stress tolerance represents riparian vegetation of humid subtropical climates (Köppen Cfa) with 
a higher tolerance to dry conditions but lower tolerance to wet conditions and vice-versa for high flood 
stress tolerance which represents riparian vegetation of humid continental climates (Köppen Dwa) (De 
Silva et al. 2008; Lowry & Loheide 2010; Loheide & Booth 2011). 
Table 5.1 
Critical potentials Ψi [cm] of water uptake governing the reduction function f(Ψ) for plant functional 
types with low flood stress tolerance (T) and high flood stress tolerance (t). 
Ψi Low flood stress tolerance (T) High flood stress tolerance (t) 
Ψ1 -10 0 
Ψ2 -25 -3 
Ψ3 -2000 -300 
ΨPWP -8000 -2000 
 
5.2.2. Soil water scenarios 
Soil water scenarios were designed as two soil water potential gradients in space perturbed by spatially 
homogenous extreme events with three perturbation frequencies 0.5 (approx. biennial return 
interval), 0.1 (approx. 10 year return interval), or 0.01 (approx. 100 year return interval) (Fig. 5.1). I 
additionally simulated control scenarios for each spatial gradient without any perturbation. 
The specific soil water potentials Ψ of each spatial gradient were chosen based on the reduction 
functions of low(fT(Ψ))/high(ft(Ψ)) flood stress tolerant PFTs to represent gradients of excessive and 
insufficient soil water availability (Fig. 5.1; Table 5.2). To implement the spatial gradients, I divided the 
model landscape into three subplots: (i) Ψ was within the range where f(Ψ) of the target PFT strategy 
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equals zero, i.e. maximum water stress intensity for the target, (ii) Ψ was within the range where f(Ψ) 
of the target PFT strategy equals one, i.e. no water stress for the target, and (iii) Ψ ranged linearly from 
subplot (i) to subplot (ii) creating a gradient of water stress intensity for the target PFT strategy. By 
randomly changing length of subplots (i) and (ii) between years, using a normal distribution (10 m ± 5 
%), the creation of a fixed border within the spatial gradients was prevented, while the highly 
predictable nature of the spatial gradient was kept. 
 
Fig. 5.1. Choice of soil water potentials Ψ [cm] based on the reduction function low flood stress tolerant 
PFTs (fT(Ψ); solid black line) and high flood stress tolerant PFTs (ft(Ψ); dotted black line) to represent 
two spatial gradients of water stress intensities. Circled numbers indicate the soil water potential 
during a spatially homogenous extreme event which perturbs the associated spatial gradient with 
frequency 0.5, 0.1, or 0.01. 
 
I designed the extreme events so that one of the flood stress tolerance strategies was perturbed to 
arbitrarily low density (Chesson 2000b). Note that sensu Chesson (2000b), the perturbed strategy will 
be termed invader and is denoted by the label i. The other strategy, which was not perturbed to low 
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densities, is called resident (label r). Note that r is the disturbance indicator. The specific Ψ in case of 
a perturbation was set so that fi(Ψ) = 0.1 and fr(Ψ) = 1.0 (Fig. 5.1; Table 5.2). 
Each of the 8 soil water scenarios was repeated ten times. 
 
Table 5.2. 
Design of eight soil water scenarios based on two soil water potential gradients Ψ [cm] in space; i.e. 
gradients of water stress intensities for low flood stress tolerant PFTs (fT(Ψ)) and high flood stress 
tolerant PFTs (ft(Ψ) for both excessive and insufficient water availability. Spatial gradients are 
perturbed by extreme events, designed as spatially homogenous soil water potentials, with three 
perturbation frequencies 0.5, 0.1, or 0.01. 
 Spatial gradient 1 2 
Stress excessive water  insufficient water  
Target T t 
fT(Ψ) 0 to 1 1 
ft(Ψ) 1 0 to 1 
Ψ -10 to -25 -2000 to -300 
Extreme event 1 2 
Stress insufficient water  excessive water  
Invader t T 
f(Ψ)T 1 0.1 
f(Ψ)t 0.1 1 
Ψ -1830 -11.5 
 
5.2.3. Spatial and temporal scales 
The goal of this study was to explain the relationship between functional traits, trade-offs and soil 
water potentials. To ensure that the resulting functional traits, PFTs and trait correlations were not 
just a representation of a single moment in time, I compared PFT richness and Shannon diversity index 
every 25 years along the simulation runs (Seifan et al. 2012) (Fig. 5.2). PFT richness and Shannon 
diversity index were generally consistent in their trend in time, however, these two measures did not 
stabilize at the exact point in time for all soil water potentials. PFT richness stabilized latest after 500 
years, i.e. no significant differences (p > 0.05) in PFT richness for all soil water potentials after 500 
years. On the other hand, the values of the Shannon diversity index stabilized latest after 375 years for 
all soil water potentials. I therefore chose 600 years as the simulation time.  
The model landscape was designed as a transect of a grid of 200 × 2000 cells with periodic boundaries 
to avoid boundary effects.  
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Fig. 5.2. Change in mean ± SD PFT richness (a) and Shannon diversity index (b) of ten repetitions over 
time for eight soil water scenarios. Soil water scenarios were designed as two spatial gradients of water 
stress intensities perturbed by spatially homogenous extreme events with four different perturbation 
frequencies p(s).  
 
5.2.4. Statistical analysis  
To quantify coexistence between low and high flood stress tolerant PFTs, I calculated the mean rate of 
increase for the respective resident population, mean ln λr(t), and invader population, mean ln λi(t), 
over the last 100 years of the simulation time (Chesson 2000b):  
Nx(t+1) = λx(t) Nx(t) 
where Nx is the number of individuals in population x, and λx is the rate of increase of population x. 
According to a classical invasibility analysis the coexistence is stable if both mean ln λr(t) and mean ln 
λi(t) are higher than one (Chesson 2000b). Thus, I tested with a two-sided one-sample t-test whether 
mean ln λr(t) and/or mean ln λi(t) were equal to one. Furthermore, I evaluated spatial coexistence by 
comparing the invader and resident populations’ yield which is allometrically related to the ZOI area 
covered by the respective populations.  
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5.3. Results 
For both soil water potential gradients in space, the mean rate of increase of the invader population, 
mean ln λi(t), and of the resident population, mean ln λr(t), increased with increasing perturbation 
frequency (Fig. 5.3). At perturbation frequency ≥ 0.1 both mean ln λi(t) and mean ln λr(t) were 
significantly higher than one. 
 
Fig. 5.3. Mean ± SE rate of increase of (a) the invader, mean ln λi(t), and (b) the resident population, 
mean ln λr(t), across ten repetitions for two soil water potential gradients in space as a response to 
four different perturbation frequencies. Mean ln λ(t) of each single repetition was averaged over the 
last 100 years of simulation time. Stars indicate whether the mean rates of increase were significantly 
different from one (two-sided one-sample t-test). *** p < 0.005, ** p < 0.05, * p < 0.5. 
 
Likewise for both spatial gradients, the yield of resident population increased while the yield of the 
invader population decreased with increasing perturbation frequency (Fig. 5.4). 
In all eight soil water scenarios after 600 years, individuals with a short-term seed dormancy, strong 
seedling competitive ability, and high maximum adult growth rate dominated the model landscape 
(Fig. 5.5). On the other hand, the relative abundance of the functional traits seed dispersal distance, 
life form and flood stress tolerance varied depending on perturbation frequency in a similar fashion 
for both spatial gradients. In soil water scenarios without perturbation, i.e. control scenarios, 
perennials with a short distance dispersal and with the perturbed flood stress tolerance strategy 
(invaders) dominated the model landscape. As a response to minor temporal variation of soil water 
potentials (perturbation frequency 0.01) the relative abundance of long distance dispersal increased 
(Fig. 5.5c, red arrow), while the relative abundance of perennial life form and invaders stayed constant. 
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Increasing the temporal variation to perturbation frequency 0.5 led to an increase of the relative 
abundance of annual life form and residents (Fig. 5.5 a & b, red arrows), while the relative abundance 
of long distance dispersal decreased. 
All observed changes in the relative abundance of functional traits were consistently similar across 
both soil water potential gradients in space, i.e. excessive and insufficient soil water availability yielded 
the same response patterns in functional trait importance and abundance for explaining the temporal 
variation of PFT density. 
 
Fig. 5.4. Mean ± SD yield [mg] of the total community, the invader, and the resident population across 
ten repetitions as a response to four different perturbation frequencies for two soil water potential 
gradients in space. (a) excessive soil water availability (spatial gradient 1). (b) insufficient soil water 
availability (spatial gradient 2). 
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Fig. 5.5. Change in mean ± SD relative abundance of the capital letter PFT strategy (fraction of PFT 
strategy among all coexisting individuals) over time across eight soil water scenarios. Soil water 
scenarios were designed as two soil water potential gradients in space to represent gradients of both 
excessive (spatial gradient 1) and insufficient soil water availability (spatial gradient 2). Gradients were 
perturbed by spatially homogenous extreme events with four different perturbation frequencies p(s). 
(a) Fraction of perennials. (b) Fraction of the perturbed flood stress tolerance strategy (invader), i.e. in 
scenarios with gradient 1 fraction of high flood stress tolerance and in scenarios with gradient 2 
fraction of low flood stress tolerance. (c) Fraction of long maximum dispersal distance. (d) Fraction of 
long-term seed dormancy. (e) Fraction of strong competitive ability. (f) Fraction of high maximum adult 
growth rate.  
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5.4. Discussion 
My overall results highlight temporal variation of soil water as a main driver of coexistence and 
functional composition in plant communities. Strikingly, the following discussed patterns of 
coexistence and of the functional traits, which determined the response to temporally-varying soil 
water conditions, remained stable over different soil water gradients in space, i.e. excessive and 
insufficient soil water availability. 
The simulation results show that high and low flood stress tolerant PFTs, i.e. conditional on the soil 
water scenario residents and invaders, could coexist over a wide range of temporal variation of the soil 
water. Following a classical invasibility analysis there was a stable coexistence at perturbation 
frequencies ≥ 0.1, i.e. the mean rate of increase over time of both residents and invaders were higher 
than one (Chesson 2000b). Thus, temporal variation of soil water promoted stable coexistence 
between high and low flood stress tolerant PFTs if the extreme event occurred at least every ten years. 
These results are the first to show that hydrological niche differences in plant communities can 
promote stable coexistence in habitats with temporally-varying soil water via the temporal storage 
effect. Thus, I could confirm the suggestion by Silvertown et al. (2015) that the temporal storage effect 
can act as a coexistence mechanisms underlying hydrological niche segregation. 
Strikingly, against the assumptions of an invasibility analysis (and classical population growth models 
(Akçakaya et al. 1999)) even when mean ln λr(t) was significantly less than 1.0, the resident population 
did not become extinct. Instead after 600 years, residents were still present at very low densities. This 
inconsistency was a direct results my individual-based modelling approach which allowed for the 
inclusion of variability and local interactions of individuals. Consequently, the actual individual 
behavior showed contingency leading to demographic stochasticity, and thus enabling coexistence. On 
the contrary, existing state-variable models testing the storage effect, e.g. the lottery model and 
derivatives (Chesson 1985; Chesson 2000b), are based on the mean rate of increase over time. This 
rate does not include intraspecific variation but defines the mean for an individual experiencing certain 
environmental conditions (Chesson 2000b).  
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Another component in PLANTHeR which boosted the coexistence of invaders and residents are the 
numerous functional traits which could possibly buffer the population growth rates. These traits are 
not restricted by a priori defined trade-offs to specific combinations so that the emerging trait 
combinations reflected the best adaptation to the specific temporal pattern of soil water conditions. 
With regards to the anthropogenic climate change, this result implies that functionally diverse 
communities may have the potential to adapt to an increased frequency of extreme events (Tielbörger 
et al. 2014). However, my results imply that an increased frequency of extreme events may lead to a 
shift in abundance of functional traits. Specifically, my results show that the functional traits seed 
dispersal distance, life form and flood stress tolerance were key to explaining the response of plant 
individuals to temporal variation of soil water potentials. Intriguingly, irrespective of the soil water 
scenario, individuals with a short-term seed dormancy, strong competitive ability, and high maximum 
adult growth rate dominated the model landscape, i.e. these functional traits were irrelevant to ensure 
temporal stability of the population growth rate over time. This is in contrast to previous findings which 
suggest that differences in species’ growth rates and competitive ability may reflect different ability of 
species’ populations to buffer against unfavorable conditions (Chesson 2000a; Majeková et al. 2014; 
Reich 2014). Furthermore, seed dormancy is the classical bet-hedging mechanism to buffer against 
detrimental effects of temporal soil water variation on population growth (Harel et al. 2011; Tielbörger 
et al. 2014). However, the need to buffer the population growth rate via the functional traits seed 
dormancy, competitive ability, and adult growth might have been reduced, since the differentiation of 
the functional traits seed dispersal distance, life form, and flood stress tolerance was sufficient to 
generate coexistence.  
Specifically, with an increase in perturbation frequency, the simulation results predict a general 
sequence of the relative density of the functional traits seed dispersal distance, followed by flood 
stress tolerance and life form. As a response to minor temporal variation of soil water potentials the 
abundance of individuals with long distance dispersal increased. At higher perturbation frequencies, 
long-distance dispersal was not sufficient to compensate the impediment of individual plant 
performances, so that PFTs with the resident water stress strategy (disturbance indicators) and annual 
 Chapter 5 66 
life form emerged (McIntyre et al. 1995; Schippers et al. 2001; Seifan et al. 2012). Similar to my results, 
Schippers et al. (2001) found a sequence of dominance of non-dormant perennials, dormant perennial, 
non-dormant annuals and dormant annuals with an increase in spatial disturbance intensity, i.e. 
proportion of random cells affected every year. Both seed dormancy and seed dispersal distance are 
bet-hedging mechanisms which promote colonization abilities in time and space (Milton et al. 1997; 
Holmes & Wilson 1998). Therefore, these two traits are considered as alternative traits (Venable & 
Brown 1988). I interpret the emergence of long distance dispersal as a response to minor temporal 
variation, rather than long-term seed dormancy, to be a side effect of the specific definition soil water 
scenarios, i.e. a continuous soil water gradient in space perturbed by a spatially homogenous extreme 
event. Due to the spatial predictability of the soil water gradient, the probability for new gap creation 
differed depending on the location within the model landscape. Since the chances to find available 
colonization microsites changed continuously with the distance from the mother plant, surviving plants 
required investment in seed dispersal in space, which translated into an increase in seed dispersal 
distances (Svensson et al. 2009; Seifan et al. 2012). In line with my results, previous studies showed 
that when the environment is spatially variable buffering may occur by dispersal between localities in 
different environmental states (Chesson 2000a), i.e. traits associated with spatial distribution can 
boost the temporal storage effect through spatial refuges (Kortessis & Chesson 2014). Specifically, 
temporal environmental variation in space can lead to coexistence when individuals are concentrated 
in locations where they are strongly sensitive to the environment and weakly sensitive to competition 
(Kortessis & Chesson 2014). My results suggest that increasing seed dispersal distance, a functional 
trait which links spatial environmental variation to competitive interactions in time, might be sufficient 
to compensate the detrimental effects of minor temporal variation of a spatial soil water gradient on 
the population growth rate and thus, can ensure coexistence. I expect that soil water scenarios in 
which a spatially heterogeneous, unpredictable model landscape is perturbed by a spatially 
heterogeneous, unpredictable extreme event, i.e. similar to the disturbance scenarios of Schippers et 
al. (2001), would select for PFTs with long-term seed dormancy. However, the interpretation and 
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applicability of such soil water scenarios is questionable since in natural ecosystems soil water tends 
to change gradually in space (Silvertown et al. 2015). 
In line with classical disturbance theory, the community yield decreased with increasing perturbation 
frequency (Grime 1977). Unexpectedly, the simulation results at intermediate frequency (0.1) did not 
follow this general trend, instead these simulations showed the lowest overall yield. Furthermore, 
these simulations were not in line with the general sequence of the relative density of functional traits 
and had the lowest Shannon diversity. Therefore, I suggest that this frequency might indicate a tipping 
point where the frequency was too high to ensure coexistence via bet-hedging mechanisms but too 
low to prevent the monopolization of establishment sites by perennials, i.e. too low to allow for the 
emergence of annual life form. The low yield could possibly be an effect of niche complementarity 
(Tilman et al. 2006; Tilman et al. 2014). The complementarity hypothesis states that biomass 
production may be higher in diverse communities since the various constituent species may use 
resources in complementary ways and thus, utilize a greater proportion of resources (Tilman et al. 
2006; Tilman et al. 2014). However, to confirm the complementarity hypothesis further simulations 
(e.g. based on single-PFT communities) would be required to properly test for overyielding and avoid 
sampling effects.  
Most interestingly in the context of climate change is that the above described patterns of coexistence 
and functional traits were similar across different spatial gradients of excessive and insufficient soil 
water availability. This resulted from the dual effect of soil water on plant performances and is in line 
with previous studies on gradients of spatiotemporal homogenous soil water availability which showed 
consistent changes in the function and structure of plant community as a response to excessive and 
insufficient soil water availability (chapter 3; chapter 4). This finding has twofold implications. First, not 
only in highly water limited ecosystems such as in arid and semi-arid climates (Snyder & Tartowski 
2006) but even in humid climates, temporal variation in soil water availability is an important factor 
influencing the diversity and functional composition of plant communities. Second, the diversity and 
functional composition of plant communities were determined by the pattern of temporal variability 
of soil water and the PFT-specific water stress intensity. This finding supports plant ecological theory 
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on the importance of temporal environmental variation on individual performance (Novoplansky & 
Goldberg 2001; Picotte et al. 2007), population and community dynamics (Pfister 1998; Chesson 
2000a; Morris & Doak 2004; Snyder & Tartowski 2006; Li & Ramula 2015). However, this is in contrast 
to the massive body of ecological climate impact studies which has primarily focused on how changes 
in climatic means affect plant communities.  
Conclusions 
Climate change models predict for many regions a change in both the mean and temporal variability 
of precipitation with an increasing number of extreme events, and corresponding consequences for 
plant soil water availability (Easterling et al. 2000). In this chapter, I confirmed previous suggestions 
that temporal variability of soil water can promote diversity, i.e. lead to coexistence, due to the 
temporal storage effect in humid climates if individuals differ in their hydrological niche. Specifically, 
coexistence over a wide range of temporal-varying soil water conditions was ensured by simulating an 
initial functionally diverse community which could buffer its population growth rate via various 
functional traits. In line with previous studies, high frequencies of temporal perturbation by an 
extreme event selected for annual plants and the disturbance indicator (residents). However, rather 
unexpectedly at minor frequencies long distance dispersal ensured coexistence of PFTs through spatial 
refuges instead of seed dormancy which is considered as the classical bet-hedging mechanism to buffer 
against temporally-varying soil water conditions (Harel et al. 2011; Tielbörger et al. 2014). This was a 
direct result of the simulation scenarios designed as soil water gradients in space, similar to natural 
ecosystems. Another surprising result was the emergence of a tipping point community indicated by 
the lowest productivity and Shannon diversity at intermediate levels of temporal variability of soil 
water. These results facilitate important research questions: First, can the temporal storage effect 
related to hydrological niche segregation promote diversity sufficiently to allow for niche 
complementary effects? Second, are the observed patterns of coexistence and functional composition 
stable over further perturbation frequencies with special regards to the tipping point scenario?  
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In general, given that the frequency and intensity of extreme events is predicted to increase beyond 
the range of natural variability (Field et al. 2014), this chapter highlights the urgent need of further 
studies investigating the effects of changes in climatic temporal variation.  
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Conclusions 
Water is of fundamental importance for most plant individual performances and, even more 
interesting in the scope of climate change, crucial in determining distribution and abundance of plant 
species in time and space (Feddes et al. 1978; Moeslund et al. 2013; Silvertown et al. 2015). The 
influence of water on the distribution and composition of plant communities is especially evident in 
the increasing number of field observations related to hydrological niche segregation (Silvertown et al. 
2015). However, as outlined in chapter 1, the mechanisms and consequences underlying hydrological 
niche segregation are still uncertain. Some of this uncertainty has been resolved in this dissertation by 
answering the research questions put forward in chapter 1. 
First, I studied the specific plant characteristics, i.e. functional traits, which were key in explaining the 
distribution patterns of plant functional types segregating along a gradient of excessive to insufficient 
soil water (chapter 3). In line with most theories on niche evolution (e.g., Tilman 1994; Chesson 2000; 
Körner & Jeltsch 2008), the classical competition-colonization trade-off played a major role in 
determining functional diversity and niche segregation. However, rather unexpectedly, the strength of 
this (and other) trait correlation changed consistently in a unimodal fashion along the soil water 
gradient. This unimodal change resulted from the dual effect of soil water on plant performances, i.e. 
both excessive and insufficient water availability impede individual plant performances (Feddes et al. 
1978; Moeslund et al. 2013). Particularly noteworthy is that the absence of universal trade-offs 
resulted directly from my trade-off unrestricted modelling approach. This highlights the urgent need 
for more trade-off unrestricted studies to test whether similar conclusions can be generated with 
different environmental factors. 
Second, I investigated the consequences for the biomass-density relationship of plant communities 
subjected to this gradient of excessive to insufficient soil water (chapter 4). Interestingly, the entire 
biomass-density trajectory, including the values of the slope of the classical self-thinning line, changed 
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in a consistent manner across the soil water gradient. Specifically, in line with previous studies on 
gradients of resource availability (Liu et al. 2006), the growth reduction in seriously stressed 
communities decreased the potential for density-dependent mortality. Consequently, the thinning 
slope in communities with high density decreased while the thinning slope in communities with low 
density increased (Westoby 1984; Lonsdale 1990; Zhang et al. 2005). Remarkably, these observed 
differences in the values of the thinning slope were similar in direction and intensity at both ends of 
the stress gradient, a pattern that has not been observed before. Classical three-sectioned biomass-
density trajectories were originally validated for even-aged, monospecific populations (Begon et al. 
1991; Berger & Hildenbrandt 2003). The simulation of more natural uneven-aged multi-species 
communities caused several interesting deviations of the biomass-density trajectories from the 
classical biomass-density trajectories even under minor water stress. Namely, recruitment consistently 
steepened the slope of thinning sections and enabled an additional fourth section in the biomass-
density trajectories. Furthermore, early mortality was density independent due to the coexistence of 
different plant functional types of various sizes and longevities. These findings have important 
implications for the management, productivity assessment and carbon budgets of natural uneven-
aged multi-species communities where often ‘eyes-closed’ the specifics of the self-thinning line, 
especially the value of the classical thinning slope -3/2, are applied (e.g., Pretzsch & Biber 2005; 
Luyssaert et al. 2008; Newton 2012).  
Third, I showed that temporal variability of soil water can promote coexistence through the temporal 
storage effect even in humid climates, if individuals differ in their hydrological niche (in chapter 5). 
Coexistence was further boosted by the functional diversity of the plant community by that the 
constituent PFTs could buffer their growth rate via various functional traits. With regards to the 
ongoing climate change, this implies that functionally diverse communities may have the potential to 
adapt to an increased frequency of extreme events, however, the functional composition of plant 
communities may change. Specifically, in line with previous studies, high frequencies of temporal 
perturbation by an extreme event selected for annual plants and the disturbance indicator (resident). 
However, rather unexpectedly at minor frequencies long distance seed dispersal ensured coexistence 
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of plant functional types through spatial refuges, instead of seed dormancy which is the classical bet-
hedging mechanism to buffer against temporally-varying soil water conditions (Harel et al. 2011; 
Tielbörger et al. 2014). This was a direct result of the simulation scenarios designed as soil water 
gradients in space, similar to natural ecosystems. 
Remarkably, many of the above described community patterns changed in a comparable way at both 
ends of the soil water range, i.e. excessive and insufficient water availability selected for a similar 
function and structure of plant communities, a result that has not been reported before. However, this 
finding is highly plausible given the implemented stress reduction modelling approach for soil water 
uptake which assumes both excessive and insufficient soil water availability as non-optimal water 
conditions (Feddes et al. 1978). This stress reduction modelling approach is frequently used in 
hydrosystem modelling (e.g. Feddes & Raats 2004; Skaggs et al. 2006; Šimůnek & Hopmans 2009) 
which makes it highly desirable for a coupled vegetation-hydrology model. However, to the best of my 
knowledge, there is no other study which implemented this reduction function in a dynamic individual-
based vegetation model.  
The simulation results presented in chapter 3 to 5 of this dissertation enhanced our understanding of 
changes in community dynamics as well as the abundance of plant functional traits and their specific 
combinations (PFTs) in response to the hydrological regime while highlighting important research gaps. 
For example, the here presented individual-based model PLANTHeR (PLAnt fuNctional Traits 
Hydrological Regimes) is generally able to represent a continuous variation in functional traits, 
however, in the simulation experiments used in this dissertation each functional trait was represented 
by two opposing functional trait strategies. Thus, future studies should investigate functional diversity 
patterns and optimal functional traits values along soil water gradients in a continuous trait-space. 
Furthermore, there is a need to test the ability of PLANTHeR to represent specific natural ecosystems 
based on data sets. An ongoing project couples PLANTHeR to a complex, highly resolved 
hydro(geo)logical model (Li et al. work in progress) so that both vegetation and hydrology can be 
simulated truly dynamic. 
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In summary in this dissertation, I showed that plant community dynamics and functional trait 
abundance vary significantly with soil water availability. These variations will inevitably affect 
hydrological processes such as interception, infiltration, or runoff (Manfreda et al. 2010). Thus, to 
predict changes in the interrelation of the dynamics of vegetation and hydrology due to climate change 
or other anthropogenic alteration calls for truly dynamic representation of vegetation which should 
not be approximated as a static homogenous 'green layer' (e.g. Therrien et al. 2006). Dynamic 
vegetation models can be powerful tools to study vegetation response to an environmental factor and 
are thus essential to predict species’ response to climate change. Still, existing dynamic vegetation 
models are weakened by simplistic representations of biotic interactions and by modelling few plant 
functional types or life forms defined a priori based on a small set of postulated characteristics (e.g. 
Bonan et al. 2002; Verant et al. 2004; Lapola et al. 2008). In this dissertation, I addressed these 
simplifications with the development of PLANTHeR which simulates highly resolved, spatially explicit, 
long-term vegetation dynamics applicable to both forests and grasslands. The individual-based 
modelling approach of PLANTHeR enabled an explicit representation of local interaction and individual 
variability, and thus allowed the emergence of several important new findings. Furthermore, 
PLANTHeR challenges some widely accepted assumptions about dichotomous trade-offs and 
subjective PFT classifications. Thus, I suggest that PLANTHeR is a flexible tool that can be easily adapted 
for further ecological-modelling questions which could not be answered by existing dynamic 
vegetation models. 
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Appendix 
Appendix A: Supplementary information on modelled PFTs 
Table A1: 64 modelled PFTs in the plant community which resulted from full factorial 
combinations of twelve functional trait strategies. Functional trait strategies were: 
perennial(P)/annual(a) life form, high(T)/low(t) water stress tolerance, long(D)/short(d) 
seed dispersal distance, long-(S)/short-term(s) seed dormancy, strong(C)/weak(c) seedling 
competitive ability, and high(G)/low(g) maximum adult growth rate (Seifan et al. 2012, 
2013). 
Plant 
Functional 
Type 
Life form 
Perennial 
(P) / annual 
(a) 
Water 
stress 
tolerance 
high (T) / 
low (t) 
Maximum 
seed 
dispersal 
distance 
Long (D) / 
short (d) 
Seed 
dormancy 
Long- (S) / 
short-term 
(s) 
Competitive 
ability 
Strong (C) / 
weak (c) 
Maximum 
growth rate 
High (G) / 
low (g) 
PFT1 P T D S C g 
PFT2 P T D S c G 
PFT3 P T D S c g 
PFT4 P T D s C G 
PFT5 P T D s C g 
PFT6 P T D s c G 
PFT7 P T D s c g 
PFT8 P T d S C G 
PFT9 P T d S C g 
PFT10 P T d S c G 
PFT11 P T d S c g 
PFT12 P T d s C G 
PFT13 P T d s C g 
PFT14 P T d s c G 
PFT15 P T d s c g 
PFT16 P t D S C G 
PFT17 P t D S C g 
PFT18 P t D S c G 
PFT19 P t D S c g 
PFT20 P t D s C G 
PFT21 P t D s C g 
PFT22 P t D s c G 
PFT23 P t D s c g 
PFT24 P t d S C G 
PFT25 P t d S C g 
PFT26 P t d S c G 
PFT27 P t d S c g 
PFT28 P t d s C G 
PFT29 P t d s C g 
PFT30 P t d s c G 
PFT31 P t d s c g 
PFT32 a T D S C G 
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PFT33 a T D S C g 
PFT34 a T D S c G 
PFT35 a T D S c g 
PFT36 a T D s C G 
PFT37 a T D s C g 
PFT38 a T D s c G 
PFT39 a T D s c g 
PFT40 a T d S C G 
PFT41 a T d S C g 
PFT42 a T d S c G 
PFT43 a T d S c g 
PFT44 a T d s C G 
PFT45 a T d s C g 
PFT46 a T d s c G 
PFT47 a T d s c g 
PFT48 a t D S C G 
PFT49 a t D S C g 
PFT50 a t D S c G 
PFT51 a t D S c g 
PFT52 a t D s C G 
PFT53 a t D s C g 
PFT54 a t D s c G 
PFT55 a t D s c g 
PFT56 a t d S C G 
PFT57 a t d S C g 
PFT58 a t d S c G 
PFT59 a t d S c g 
PFT60 a t d s C G 
PFT61 a t d s C g 
PFT62 a t d s c G 
PFT63 P T D S C G 
PFT64 a t d s c g 
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Appendix B: Biomass-density trajectories and skewness of 
the biomass distribution for all 15 soil water scenarios. 
Changes in the biomass-density trajectory, bdt, over time could be tracked by means of skewness of 
the biomass distribution. Section I (blue) was characterized by an increase of positive skewness and 
ended with the first maximum of skewness. Section II (orange) was characterized by a constant decay 
of positive skewness between the first maximum and the first x-intercept. Section III (yellow) was 
characterized by a negative skewness between the two x-intercepts. Section IV (green) started at the 
second x-intercept with a positive increasing skewness and was characterized by alternating phases of 
increasing and decreasing skewness.  
Figure B1 to B15 show for all fifteen soil water scenarios: (a) Entire biomass-density trajectory, i.e. 
relationship between the logarithm of mean plant biomass of survivors w (mg/m²) and the logarithm 
of plant density N (individuals/m²) for all ten replicates over 2000 years. Colors show the four sections 
of community structure indicated by skewness of the biomass distribution in Fig. b. The steeper dotted 
line has a slope of - 3/2 and the flat dashed line has a slope of -1.1. (b) Change in mean ± SD skewness 
of biomass distribution across ten replicates over 2000 years. The x-intercepts and first maximum 
define distinct sections of community structure which are highlighted using a color code. Standard 
deviation of the ten replicates is shown in grey. 
 
Fig. B1. Soil water potential -300000, fd(Ψ) = 0.00. 
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Fig. B2. Soil water potential -171000, fd(Ψ) = 0.30. 
 
 
 
Fig. B3. Soil water potential -125000, fd(Ψ) = 0.50. 
 
 
 
Fig. B4. Soil water potential -80001, fd(Ψ) = 0.70. 
 Appendix 85 
 
Fig. B5. Soil water potential -56000, fd(Ψ) = 0.80. 
 
 
 
Fig. B6. Soil water potential -41000, fd(Ψ) = 0.90. 
 
 
 
Fig. B7. Soil water potential -25400, fd(Ψ) = 0.93. 
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Fig. B8. Soil water potential -1900, fd(Ψ) = 1.00. 
 
 
 
Fig. B9. Soil water potential -255, fd(Ψ) = 1.00. 
 
 
 
Fig. B10. Soil water potential -225, fd(Ψ) = 1.00. 
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Fig. B11. Soil water potential -195, fd(Ψ) = 1.00. 
 
 
 
Fig. B12. Soil water potential -7.3, fd(Ψ) = 0.70. 
 
 
 
Fig. B13. Soil water potential -5.5, fd(Ψ) = 0.50. 
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Fig. B14. Soil water potential -3.7, fd(Ψ) = 0.30. 
 
 
 
Fig. B15. Soil water potential 0, fd(Ψ) = 0.00.  
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Appendix C: Supplementary information on changes in 
community yield. 
 
Fig. C1. Development of the community yield [mg] of the base model scenario (soil water potential -
1900, fd(Ψ) = 1.00). Colors show the four sections of community structure indicated by skewness of 
the biomass distribution in Fig. B8b. Standard deviation of the ten replicates is shown in grey. (a) 
Changes in mean ± SD community yield across all ten replicates over 2000 years. (b) Relationship 
between mean ± SD skewness of biomass distribution and mean ± SD community yield for all ten 
replicates over 2000 years.  
